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PREFACE 

These Elementary Lesson* have now been largely re- 
written. The coii*idrmhlo changes made have heen 
necessitated n«*t «»nly by the progress of the science hut 
by the | limrv, rover! us Well an open, to which since iU 
np|H‘umtteo lit I HM t t he booh bus been subjected. 

In the thirteen yearn which have elapsed much addi- 
tion hm been made to our knowledge, and many points 
then in controversy have been willed. The system of 
electric unit#*, elaborated first by the British Association 
and subsequently in several International l !imgream*a J m 
now ksgidi&ed in the « Idef civilised countries. New twig- 
netie survey in England by Thorpe and UUeker, in 
the Bailed HMm under Mendenhall have enabled new 
magnetic charts to ho prepared for the epoch HKH> ah*. 
The researches of Ewing, Hopkinaon, and others on the 
magnetic properties of iron, and the general recognition 
of the principle of thn magnetic circuit, have advanced 
the science of magnetism, to which also Ewings molecular 
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Entirely new is the use of polyphase alternate current < and 
rotatory magnetic fields for the electric transmission uf 
power. Transformers have, eome into extensive employ 
ment for the distribution at low pressure of electric 
energy which has been transmittetl from a generating 
station at high pressure. Accumulators f«»r the storage 
of electric energy have become of great eoui mere ini im - 
portance. Electric lamps, large ami small, illuminate in 
millions our cities, towns, villages, ami ships. KleetnV 
currents for lighting and power are now supplied publicly 
on a very large scale from central stations operated by 
steam or water power. Supply -meters are in regular 
use, and measuring instruments of many forms have come, 
into the market. 

Along with these advances in practice there ban been a 
no less striking progress in theory. The ideas of Faraday, 
as enlarged and developed by Clerk Maxwell, were in 1 Hs 1 
only beginning to be understood and appreciated outride 
a narrow circle. In 1804, thanks largely to the labours 
of Heaviside, Hertz, Lodge, Poynting, Fitzgerald, Foltz 
mann, Poincartf, and others, they are everywhere accepted. 
In 1881 Maxwell’s electromagnetic theory of light a 
conception not less far-reaching than the theory of the 
conservation of energy — was deemed of doubtful prob- 
ability: it was not yet accepted by muh great umbers 
as Lord Kelvin or Yon Helmholtz/. Though adopted by 
the younger generation of British physicists, it needed the 
experimental researches of Hertz anti of Lodge upon the 
propagation of electric waves to demonstrate its truth to 
their brethren in Germany, France, and America. Even 
now, after the most convincing experimental verifications 
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rt*Itl!v rltn'lri*' WAVr*, nmttr of ill*- h^oal i***nrtr»jitrit«-v*i «.f 
Maxwell* ten* In u, 4 mo 4iii »r* 4 «*r o*inuii4*-t';»t<M*it. 
ft I# Mill, l*» I Ik4i li V | it )mr*l MiYlOtf flirt! ill «5i olminr 
circuit tlis’ wire though at f*m4rs *W» u«*l 

carry the energy ; that the energy - ]*ath» ho *'utu4** m 
il»? mimmmhfig imthuiu, u*>l itut'lo w ithm the *■,* , 4 *n, ,| 
rumluctor. That the gutujHrivhn nhrath, <u»4 14,4 t) M . 

COJJfwr wiiv \% ithm it, in the 4i* ! *uil iiir«htim who'h « njn 

v«y« tin? $m|m!fio fr» iu *<sie *44o i.f the AfUntio t- (| ir , 
other in onhle - telegraphy, in «t*1 1 uor^hhle t. 
bltJUghi Uf* hi I ho i44rf *» Ii-im.J i»f lh<»Oghl. |‘n! jf j:jj 
Horn* the lew H lireejuuirv n.lnferijM* fue *4 the vo-w» 
which the ino.«oi|J>rthlr h*gk i4 facta 4l’oVe MiilttrJI 4 i|,| 
hi* follower* to n4oj»t 

Thin PX|«mni«»t* *4 the iw h tire Alot *4 it* g«t"A«* t ic.il 
Application* h&* mulrml iioue liiHkut! U4*nv t hr 
tank of piwcfttitig will* anffMm! t*!r4fn«i) ( yet 'll till 
nummary 1 urevity, an ekoMtiUry r*g *omiu-n of i| M , j w t 
iitg ami «*f ih*4r relation?* t** *»®te Another. 

This Author i# Uftiler «hHg»li«*nis ta* titAiiy wr-irhitUo 

frttllttl* for llflfit of wliirh ||«t )|AA tlMMlo fit#. ftr si tifsifef 
»pcclat Iililigitinfin t,i hi* aminUrnt, Mr, Main Walker, k f 
imfofatitfAhfe ami revtuhm *4 ih* 1‘ruhlnn* 

aim! Iiulex, 
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ELEMENTARY LESSONS 


ON 

ELECTRICITY & MAGNETISM 
Part jftrst 


CHAPTER i 

FRICTIONAL ELECTRICITY 
Lesson I . — Electric Attraction and Repulsion 

1. Electricity . — Electricity is the name given to an 
invisible agent known to ns only by the effects which it 
produces and by various manifestations called electrical. 
These manifestations, at first obscure and even mysterious, 
are now well understood, though little is yet known of 
the precise nature of electricity itself. It is neither 
matter nor energy ; yet it apparently can be associated 
or combined with matter ; and energy can be spent in 
moving it. Indeed its great importance to mankind 
arises from the circumstance that by its means energy 
spent in generating electric forces in one part of a system 



matter or as energy. It can neither be created nor 
destroyed, but it can be transformed in its relations to 
matter and to energy, and it can be moved from one place 
to another. In many ways its behaviour resembles that 
of an incompressible liquid ; in other ways that of a 
highly attenuated and weightless gas. It appears to exist 
distributed nearly uniformly throughout all space. Many 
persons (including the author) are disposed to consider it 
as identical with the luminiferous ether. If it be not the 
same thing, there is an intimate relation between the two. 
That this must be so, is a necessary result of the great 
discovery of Maxwell — the greatest scientific discovery of 
the nineteenth century — that light itself is an electric 
phenomenon, and that the light- waves are merely electric, 
or, as he put it, electromagnetic waves. 

The name electricity is also given to that branch of 
science which deals with electric phenomena and theories. 
The phenomena, and the science which deals with them, 
fall under four heads. The manifestations of electricity 
when standing still are different from those of electricity 
moving or flowing along: hence we have to consider 
separately the properties of (i.) statical charges , and those 
of (ii.) currents. Further, electricity whirling round or in 
circulation possesses properties which were independently 
discovered under the name of (iii.) magnetism. Lastly, 
electricity when in a state of rapid vibration manifests 
new properties not possessed in any of the previous states, 
and causes the propagation of (iv.) waves. These four 
branches of the science of electricity are, however, closely 
connected. The object of the present work is to give the 
reader a general view of the main facts and their simple 
relations to one another. 

In these first lessons we begin with charges of 
electricity, their production by friction, by influence, and 
by various other means, and shall study them mainly by 

the manifestations of att.-rnotio-n «r\rl vatvn Tot 


currents, and the relations between them. The subject of 
electric waves is briefly discussed at the end of the book. 

2. Electric Attraction. — If you take a piece of 
sealing-wax, or of resin, or a glass rod, and rub it upon a 
piece of flannel or silk, it will be found to have accpired 
a property which it did not previously possess : namely, 
the power of attracting to itself such light bodies as chaff, 
or dust, or bits of paper (Fig. 1). This curious power 



Fig. l. 


was originally discovered to be a property of amber, or, 
as the Greeks called it, r;A tarpov, which is mentioned by 
Thales of Miletus (b.c. 600), and by Theophrastus in his 
treatise on Gems, as attracting light bodies when rubbed. 
Although an enormous number of substances' possess this 
property, amber and jet were the only two in which its 
existence had been recognised bv the ancients, or even 



About the year 1600, Dr. Gilbert of Colchester discovered 

by experiment that not 
only amber and jet, but a 
very large number of sub- 
stances, such as diamond, 
sapphire, rock-crystal, glass, 
sulphur, sealing-wax, resin, 
etc., which he styled dee- 
tries* possess the same pro- 
perty. Ever since his t ime 
the name electricity f has 
been employed to denote the 
agency at work in produc- 
ing these phenomena. Gil- 
bert also remarked that the.Be 
experiments are spoiled by 
the presence of moisture. 

3. Further Experiments.— A better way of observ- 
ing the attracting force is to employ a small ball of elder 
pith, or of cork, hung 
by a fine thread from a 
support, as shown in 
Fig. 2. A dry warm 
glass tube, excited by 
rubbing it briskly with 
a silk handkerchief, 
will attract the pith- 
ball strongly, showing 
that it is highly electri- 
fied. The most snital >1 e 
rubber, if a stick of 
sealing - wax is used, 
will be found to be 
flannel, woollen cloth, or, best of all, fur. Boyle discovered 
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I'od, umi hanging it in a « i**’ b-T 
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ami lly back to the table. To show this repulsion better, 
let a small piece of feather or clown he hung by a silk 

thread to a support, and 
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let an electrified glass rod 
he held near it. It will 
dart towards the rod and 
stick to it, and a moment 
later will dart away from 
it, repelled by an invisible 
force (Fig. 4), nor will it 
again dart towards the 
rod. If the experiment 
he repeated with another 
feather, and a stick oi:' 
sealing-wax rubbed on 
flannel, the same effects 
will occur. But, if now 
the hand he held towards 
the feather, it will rush 


toward the hand, an the rubbed body (in Fig. 3) did. 


This proves that the feather, though it has not itself been 


rubbed, possesses the 


property originally 
imparted to the rod 
by rubbing it. In 
fact, it has become 
electrified, by having 
touched an electrified 
body which has given 
part of its electricity 
to it. It would ap- 
pear then that two 
1 )odi oh elect rill ed with 
the same elect rilicu- 
tion repel one an- 



Pi* 6. 


other. This may be confirmed by a further experiment. 


similar rubbed glass rod ; while a rubbed stick of sealing- 
wax is repelled by a second rubbed stick of sealing-wax 
Another way of showing the repulsion between twc 
similarly electrified bodies is to hang a couple of small 
pith-balls, by thin linen threads, to a glass support, as 
in Fig. 5, and then touch them both with a rubbed glass 
rod. They repel one another and fly apart, instead oi 
lianging down side by side, while the near presence oi 
the glass rod will make them open out still wider, for 
now it repels them both. The self-repulsion of the partE 
of an electrified body is beautifully illustrated by the 
experiment of electrifying a soap-bubble, which expands 
when electrified. 

5. Two Kinds of Electrification. — Electrified 
bodies do not, however, always repel one another. The 
feather which (see Pig. 4) has been touched by a rubbed 
glass rod, and which in consequence is repelled from the 
rubbed glass, wall be attracted if a stick of rubbed sealing- 
wax be presented to it ; and conversely, if the feather has 
been first electrified by touching it with the rubbed 
sealing-wax, it will be attracted to a rubbed glass rod, 
though repelled by the rubbed wax. So, again, a rubbed 
glass rod suspended as in Fig. 3 will be attracted by a 
rubbed piece of sealing-wax, or resin, or amber, though 
repelled by a rubbed piece of glass. The two pith-balls 
touched (as in Fig. 5) with a rubbed glass rod fly from 
one another by repulsion, and, as we have seen, fly wider 
asunder when the excited glass rod is held near them ; 
yet they fall nearer together when a rubbed piece of 
sealing-wax is held under them, being attracted by it. 
Symmer first observed such phenomena as these, and 
they were independently discovered by Du Fay, who 
suggested in explanation of them that there were two 
different kinds of electricity which attracted one another, 
•while each repelled itself. The electricity produced on 
erlass bv rubbiner it with silk he called vitreous AWtnVifv. 


other kind ; and the electricity excited in such substances 
as sealing-wax, resin, slid Iae, indiaruhher, and amber, 
by rubbing them on wool or llannel, lie termed rmnaun 
electricity. The kind of electricity produced is, however, 
found to depend not only on the thing rubbed but on the 
rubber also ; for glass yields “resinous” electricity when 
rubbed with a cat’s skin, and resin yields “vitreous” 
electricity if rubbed with a soft amalgam of tin and 
mercury spread on leather. Hence, these names have 
been abandoned in favour of the more appropriate terms 
introduced by Franklin, who called the electricity excited 
upon glass by rubbing it with silk, j<oaitir r electricity, and 
that produced on resinous bodies by friction with wool or 
fur, negative electricity. The observations of Sy miner 
and I)u Fay may therefore, he stated as follows: Two 
positively electrified bodies apparently repel one another : 
two negatively electrified bodies apparently repel one 
another: but a positively electrified body and a negatively 
electrified body apparently attract one another. It is 
now known that these effects which appear like a repul- 
sion and an attraction between bodies at a distance from 
one another, arc really due to actions going on in the 
medium between them. The positive charge does not 
really attract the negative charge that is near it ; but 
both arc urged toward one another by stresses in the 
medium in the intervening space. 

6. Simultaneous Production of both Electrical 
States.— Neither kind of electrification is produced 
alone ; there is always an equal quantity of both kinds 
produced ; one kind apj taring on the thing rubbed and 
an equal amount of the other kind on the rubber. The 
clearest proof that these amounts an* equal can be given 
in some cases. For it is found that if both the « electricity 
of the rubber and the + electricity of the thing rubbed be 
imparted to a third body, that third Ik sly will show no 

plp.ri.vn.fi rati Mt. fit. all fTt*» fum nniml . a-.*.. *»!«»*♦ »*» ft »»c 


experiment cuuhMh in rubbing together a «li4v * *f waling- 
wax and one with Ilannel, both being held by 

insulating handles, To test them in required an insulated 
put ami an electroscope, m in Fig. *«!U, If either disk hi* 
iuHurti'tl in tin* pot tin* leaves of tin* elcrtriweope will 
diverge ; hat if both utv inserted at tin* same time tin* 
h*HVi*w tit* not diverge, showing that tin* two charge* on tin* 
disks an* equal ami of opposite sign. 

In tin* following list the hodirs are arranged in such 
an order that if any two be rubbed together tin* one 
which stands earlier in tin* series l'irtiiiio positively 
electrified, and tin* one that stands later negatively 
electrified : /'W, a’***/, iVorg, <//<!**, mlk\ wrtnU t $tilj*hiu\ 

inilmrMt i\ fiutttiprn'hit, t'othnliou f or fW/ii/ujil, 

7* Thoorkm of Xlioo tried ty.- Several throne* have 
been advanced to account fur these phenomena, hut all 
are muiv nr loss nnsatisfaetury, Symnirr pro|n»ml a 
“ two-fluid ” thoory, mvonling to which them are two 
imponderable electric fluids of opposite kinds, which 
neutralize m«* another when they combine, and which 
exist eotuhined in equal quantities in all bodies until 
their condition i m dhdurUni hy friction, A modification 
of thin theory was made hy Franklin, who proposed 
instead a “omollulti ,J theory, according to which 
there in a single electric fluid distributed usually uniformly 
in nil holies, hut which, when they an* subjected to 
friction, dhtribute* itself unequally hetween the rubber 
and the thing rubbed, one having more of the fluid, the 
other lens, than the average, Hence the terms jttmiiivr 
and najut * tv, which are still retained ; that hotly which b 
supposed to have an excess being said to he charge* I with 
positive electricity (usually denoted hv the pi »* sign 4 ), 
while tlint which i* ^opposed to have lean is said ft* W 
charged with negative electricity (and h denoted hy 
the min m sign ), These terms are, however, purely 


which means less. In many ways electricity behave,-; m 
a weightless substance as incompressible as any material 
liquid. It is, however, quite certain that ebrtneitij U md 
a material fluid, whatever else it maybe. Fur while it 
resembles a fluid in its property of apparently How mg 
from one point to another, it ditfers from every hinny n 
iluid in almost every other respect. It po.:es»e* m* 
weight ; it repels itself. It is, moreover, quite impossible 
to conceive of two thuds whose properties should in every 
respect he the precise opposites of one another, For 
these reasons it is clearly misleading to hprak of an 
electric iluid or fluids, however convenient the term may 
seem to be. In metals and other good eondmtora 
electricity can apparently move and flow quite eudly in 
currents. In transparent solids such as glass and resin, 
and in many transparent liquids such as oils, and in gunes 
such as the air (if still, and not rarethd 1 , electricity 
apparently cannot How. Kven a vacuum appears to be 
a non - conductor. In the case of all mm * conductors 
electricity can only be moved by an action known as 
displacement (see Art. 57). 

It appears then that in metals electricity can easily 
pass from molecule to molecule; but in the eimr of mao 
conductors the electricity is in nmm way stuck to the 
molecules, or associated with them. Some elect ricians* 
notably Faraday, have propounded a moknmlftr theory 
of electricity, according to which the electrical Mates art* 
the result of certain peculiar conditions of the molecule 
of the surfaces that have been rubbed. Another view is 
to regard the state of electrification us related to the *thtr 
(the highly-attenuated medium whieh tills all space, and 
is the vehicle by whieh light is transmit frda winch is 
known to be associated with the molecules of matte; 
Some indeed hold that the ether itself m electricity ; and 
that the two states of positive and negative electrification 


far as possible all theories, and shall be content to use 
the term electricity. 

8. Charge. — The quantity of electrification of either 
kind produced hy friction or other means upon the surface 
of a body is spoken of as a charge, and a body when 
electrified is said to be charged. It is clear that there 
may be charges of different values as well as of either 
kind. When the charge of electricity is removed frorh 
a charged body it is said to be discharged . Good con- 
ductors of electricity are instantaneously discharged if 
touched by the hand or by any conductor in contact with 
the ground, the charge thus finding a means of escaping 
to earth or to surrounding walls. A body that is not a 
good conductor may be readily discharged by passing it 
rapidly through the flame of a spirit-lamp or a candle ; 
for the hot gases instantly carry off the charge and dis- 
sipate it in the air. 

Electricity may either reside upon the surface of bodies 
as a charge , or flow through their substance as a current 
That branch of the science which treats of the laws of the 
charges, that is to say, of electricity at rest, upon the 
surface of bodies is termed electrostatics, and is dealt 
with in Chapter IV. The branch of the subject which 
treats of the flow of electricity in currents is dealt with 
in Chapter III., and other later portions of this book. 

9. Modes of representing Electrification. — 
Several modes are used to represent the electrification of 
surfaces, In Eigs. 6, 7, and 
8 are represented two disks, A 
— A covered with woollen 
cloth, B of some resinous 
body, — which have been W 
rubbed together so that A | 
has become positively, B 
negatively electrified. In 
Fiff. 6 the surfaces are marked with plus ( + ) and minus 




the positively electrified surface and just within the 
negatively electrified surface, as though one had a surplus 
and the other a deficit of electricity. In Fig. 8 lines are 
drawn across the intervening space from the positively 
electrified surface to the opposite negative charge. The 
advantages of this last mode are explained in Art. 13. 

10. Conductors and Insulators. — The term 
c< conductors/ 5 used above, is applied to those bodies which 
readily allow electricity to flow through them. Roughly 
speaking, bodies may be divided into two classes — those 
which conduct and those which do not ; though very 
many substances are partial conductors, and cannot well 
he classed in either category. All the metals conduct 
well ; the human body conducts, and so does water. On 
the other hand glass, sealing-wax, silk, shellac, gutta- 
percha, indiar ubber, resin, fatty substances generally, 
and the air, are non-conductors. On this account 
these substances are used to make supports and handles 
for electrical apparatus where it is important that the 
electricity should not leak away ; hence they are some- 
times called insulators or isolators. Faraday termed 
them dielectrics. We have remarked above that the 
name of non-electrics was given to those substances which, 
like the metals, yield no sign of electrification when held 
in the hand and rubbed. We now know the reason why 
they show no electrification ; for, being good conductors, 
the electrification flows away as fast as it is generated. 
The observation of Gilbert that electrical experiments 
fail in damp weather is also explained by the knowledge 
that water is a conductor, the film of moisture on the 
surface of damp bodies causing the electricity produced 
by friction to leak away as fast as it is generated. 

11. Other Electrical Effects. — The production of 
electricity by friction is attested by other effects than 
those of attraction and repulsion, which hitherto we have 


of light could be obtained from highly electrified bodies 
at the moment when they were discharged. Such sparks 
are usually accompanied by a snapping sound, suggesting 
on a small scale the thunder accompanying the lightning 
spark, as was remarked by Newton and other early 
observers. Pale flashes of light are also produced by the 
discharge of electricity through tubes partially exhausted 
of air by the air-pump. Other effects will be noticed in 
due course. 

12. Other Sources of Electrification. — The 

student must be reminded that friction is by no means 
the only source of electrification. The other sources, per- 
cussion, compression, heat, chemical action, physiological 
action, contact of metals, etc., will be treated of in Lesson 
VII. We will simply remark here that friction between 
two different substances always produces electrical separa- 
tion, no matter what the substances may he. Symmer 
observed the production of electrification when a silk 
stocking was drawn over a woollen one, though woollen 
rubbed upon woollen, or silk rubbed upon silk, produces 
no electrical effect. If, however, a piece of rough glass 
he rubbed on a piece of smooth glass, electrification is 
observed ; and indeed the conditions of the surface play a 
very important part in the production of electrification by 
friction. In general, of two bodies thus rubbed together, 
that one becomes negatively electrical whose particles are 
the more easily removed by friction. Differences of 
temperature also affect the electrical conditions of bodies, 
a warm body being usually negative when rubbed on a 
cold piece of the same substance. The quantity of 
electrification produced is, however, not proportional to 
the amount of the actual mechanical friction ; hence it 
appears doubtful whether friction is truly the cause of 
the electrification. Something certainly happens when 
the surfaces of two different substances are brought into 
intimate contact, which has the result that when they 
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them is a non -conduct* ir.* f«* have acquired opposite 
charges of electrification ; one surtace ha\»ag apparent) v 
taken some electricity from the other. Hut tie* v opposite 
charges attract one another and cannot he drawn apart, 
without there being mechanical work done upon the 
system. The work thus spent i-» tored up in the act. 
of separating the charged aurlaee* ; and as lung as 
this charges remain separated they constitute a store 
of potential energy. 'The so-called frictional electric 
machines are there tore machine* for bringing dissimilar 
substances into intimate emit art, and then drawing apart 
the particles that have touched »me another and become 
electrical. 

If the two bodies that are rubbed together are both 


good con* l ue tors, they will not become strongly electrified, 
even if held on insulating bundles. It is quite likely, 
however, that the heat produced by friction* as in the 
hearings of machinery, is dm* to electric current. » generated 
where the surfaces meet and slip. 

13. Eleotrio Field. Whenever two oppositely 
charged surfaces are placed near one another they tend 
to move together, and the space between them is found 
to be thrown into a peculiar state of stress, 
as though the medium in between had 
jf been stretched. To e\ph*ro tie* apart' 
yrf between two 1 todies one of whieh has been 

positi vidy and the other negatively elect ri 
“ lied, we nmv use a light pointer f Fig. It) 
made of a small piece of very thin paper pier* .-d with 
a hole through which passes a long thread of gla g 
It will be. found that this pointer tend' to point 
across from the positively elect pitied surface to the 
negatively electrified surface, along invisible Urn* uf 
electric for re, The space so tilled with electric Hue* of 
force is called an c hr trie jithh In Fig. M A and H 


the field between them the electric lines pass across almost 
straight, except near the edges, where they are curved. 
Electric lines of force start from a positively charged 
surface at one end, and end on a 
negatively charged surface at the 
other end. They never meet or 
cross one another. Their direc- 
tion indicates that of the resultant 
electric force at every point 
through which they pass. The 
stress in the medium thus mapped 
out by the lines of force acts as a 
tension along them, as though 
they tended to shorten themselves. 

In fact in Eig. 8 the tension in the medium draws the 
two surfaces together. There is also a pressure in the 
medium at right angles to the lines, tending to widen the 
distance between them. Eig. 10 represents a ball which 
has been positively electrified, and placed at a distance 
from other objects ; the lines in the field being simply 
radial. 



Lesson II . — Electroscopes 

14. Simple Electroscopes. — An instrument for 
detecting whether a body is electrified or not, and 
whether the electrification is positive or negative, is 
termed an Electroscope. The feather which was 
attracted or repelled, and the two pith-balls which flew 
apart, as we found in Lesson I., are in reality simple 
electroscopes. There are, however, a number of pieces 
of apparatus better adapted for this particular purpose, 
some of which we will describe. 

15. Needle Electroscope. — The earliest electro- 
scope was that devised by Dr. Gilbert, and shown in Fig. 
11, which consists of a stiff strip balanced lightly upon a 


evm a goose quill, balanced upon a sewing needle 
nerve equally well. When an electrified dody is held 



Fig. 11. 


the electroscope it is attracted and turned round, am 
thus indicate the presence of electric charges far too i 
to attract hits of paper from a table. 

16 . Gold-Leaf Electroscope.- A still more i 





on c another and stand apart, gravity living partly over- 
come by the force of the electric repulsion. A couple, of 
narrow strips of the thimieHt tissue paper, bung upon a 
support, will behave similarly when electrified. But the 
best results are obtained with two strips of gold-leaf, 
which, being excessively thin, is much lighter than the, 
thinnest paper. The. Hold Leaf Kleetroseope in con- 
veniently made by suspending the two leaves within a 
wide- mouthed glass jar, which both serves to protect- 
them from draughts of nir and to support them from 
contact with the ground. The month of the jar should 
he closed by a plug of paraffin wax, through which is 
pushed a hit of varnished glass tube. Through this 
passes a stiff brass wire, the lower end of which is bent 
at a right angle to receive the two strips of gold-leaf, 
while the tipper supports u flat plate of metal, or may he 
furnished with a brass knob. When kept, dry and free 
from dust it will indicate excessively small quantities of 
electrification. A rubbed glass rod, even while two or 
three feet from the instrument, will cause the leaves to 
repel erne another. The chips produced by sharpening a 
pencil, falling on the electrosenpe top, are seen to he 
electrified. If the knob be even brushed with a small 
enmeTsduiir brush, the slight friction produces a percept- 
ible ctfeet. With this instrument nil kinds of friction 
can be shown to produce electrification. Bet a person, 
standing upon an insulating supj«»rt, such m a stool 
with glass legs, or a hoard mtpporled on four glass 
tumblers,— be briskly struck with a silk handkerchief, or 
with a fox’s tail, or even brushed with a clothes’ brush, 
he will be electrified, m will be indicated by the electro- 
scope if he place one hand on the knob at the top of it. 
The Clohhlamf Klwrtnmcojw can further be used to indicate 
the Utul of elec trill cat Ion on an excited body. Thus, 
suppose we rubbed a piece of brown jmper with n piece of 


proceed as follows : — rirst charge th 
electroscope by touching the knob wii 
on silk. The leaves diverge, being 
electrification. When they are thus < 
of a body which is positively eleclri 
to diverge still more widely ; while, 
one negatively electrified, they will U 
If now the brown paper be brought j 
the leaves will be seen to diverge 
electrification of the paper to be o 
that with which the electroscope is 



ield surrounding the rubbed r 
he metal cap of the electr< 
hrough the leaves. The near 
;reater will be the number of 
he instrument. There being 
,nd a pressure across them, the 
eaves apart as though they re] 
The Gold-Leaf Electroscope 
he amount of electrification 01 
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recourse must be bad to tbe instruments known as 
Electrometers, described in Lesson XXII. 

In another form of electroscope (Bohnenberger’s) a 
single gold leaf is used, and is suspended between two 
metallic plates, one of which can be positively, the other 
negatively electrified, by placing them in communication 
with the poles of a £C dry pile” (Art. 193). If the gold 
leaf be charged positively or negatively it will be attracted 
to one side and repelled from the other, according to the 
law of attraction and repulsion mentioned in Art. 4. 

17. Henley’s Semaphore. — As an indicator for 
large charges of electricity there is sometimes used a 
semaphore like that shown in Fig. 

14. It consists of a pith-ball at the 
end of a light arm fixed on a pivot 
to an upright. "When the whole is 
electrified the pith-ball is repelled 
from the upright and flies out at an 
angle, indicated on a graduated 
scale or dial behind it. This little 
electroscope, which is seldom 
used except to show whether an 
electric machine or a Leyden battery 
is charged, must on no account be 
confused with the delicate “ Quadrant 
Electrometer” described in Lesson 
XXII., whose object is to measure very small charges of 
electricity — not to indicate large ones. 

18. The Torsion Balance. — Although more pro- 
perly an Electrometer than a mere Electroscope , it will be 
most convenient to describe here the instrument known 
as the Torsion Balance (Fig. 15). This instrument, once 
famous, but now quite obsolete, served to measure the 
force of the repulsion between two similarly electrified 
bodies, by balancing the repelling force against the force 
exerted by a fine wire in untwisting itself after it has 



Fig. 14. 


or lever of shellac suspended within a cylindrical glass 
case by means of a fine silver wire. At one end this 
lever is furnished with a gilt pith-ball n. The upper 
end of the silver wire is fastened to a brass top, upon 

which a circle, divided 
into degrees, is cut. This 
top can be turned round 
in the tube which supports 
it, and is called the torsion- 
head. Through an aper- 
ture in the cover there can 
be introduced a second 
gilt pith-ball m, fixed to 
the end of a vertical glass 
rod a. Bound the glass 
case, at the level of the 
pith - balls, a circle is 
drawn, and divided also 
into degrees. 

In using the torsion 
balance to measure the amount of a charge of electricity, 
the following method is adopted : — First, the torsion-head 
is turned round until the two pith-halls m and n just 
touch one another. Then the glass rod a is taken out, 
and the charge of electricity to be measured is imparted 
to the ball m, which is then replaced in the balance. As 
soon as m and n touch one another, part of the charge 
passes from m to n, and they repel one another because 
they are then similarly electrified. The ball n, therefore, 
is driven round and twists the wire up to a certain extent 
The force of repulsion becomes’ less and less as n gets 
farther and farther from m ; but the force of the twist 
gets greater and greater the more the wire is twisted. 
Hence these two forces will balance one another when 
the balls are separated by a certain distance, and it is 
clear that a large charge of electricity will repel the ball 



distance through wliifli the lmll is repelled in read off in 
angular degrees of the scale. When a wire in twisted, 
(lie force with which it tends to untwist is precisely pro 
poriionni to the amount of the twist. The force required 
to twist tile wire ten degrees in jnM ten times m great 
us the force required to twist it one degree. In other 
wonts, the forco of buWo/i is prnjwrtiutml /<» th< lUlgio of 
Ionian. The angular distance between the two halls is, 
when they are not very widely separated, very nearly 
proportional to the net mil straight distance between them, 
and represents the have exerted between electrified halls 
at that tUstaiur apart. The student must, however* care- 
fully distinguish between the measurement of the force 
and' the measurement of the actual quantity of electricity 
with which the instrument is charged. For the force 
exerted bet Wen the electrified halls will vary at different 
distances according to a particular law known as the 
“law of inverse squares*” winch requires to he carefully 
explained, 

19, The Law of Invorae Squares, — (Ymlomb 
proved, by means of the Torsion Ha lance, that the force 
exerted between two small elect rilled bodies varies 
inversely us tin* square of the distance between them 
when the distance in varied. Thus, suppose two stuull 
electrified bodies 1 inch apart repel one another with 
a certain force, at a distance of g inches the force will 
he found to he only one quarter nn great un the force 
at 1 inch t and at Iff incite* it will he only 
part as great as at l inch. This law In proved by the 
following experiment with the torsion halnuee. The 
two scales were adjusted to O", and a certain charge was 
then imparted to the ball*. The hull » mm repelled 
round to a distance of ft<l \ The twUt on tin* wire 
between its upjter nml lower end* was aho 'M\\ or the 
force tending to retie! mm thirty mix times ns great. $ta the 



top and force the dull n nearer to m, ant! was turned 
round until the distance between n and m was halved. 
To hiring down this distance from 'Ml to 18’, it was 
found needful to twist the torsion head through 1*20' , 
The total twist between the upper and lower etuis of tin* 
wire was now 1 1 8", or i Id ; and the. force was 
144 times as great as that force which would twist tin* 
wire 1". Hut 144 is four times us great us 3t» ; lienee 
we, see that while the. distance had been reduced to one 
half, the force between the halls had heroine four 
Hines as great. Had we red need the distance to an* 
’juarter, or i) \ the total torsion would have been found 
to be f>7(>", or sixteen times as great ; proving the 
force to vary inversely as the square of the 
distance. 

In practice it requires great experience and skill to 
obtain results ns exact as this, for there are many sources 
of inaccuracy in the instrument. The halls must be very 
small, in proportion to the distances between them. The 
charges of electricity on the halls an* found, moreover, to 
become gradually less and less, as if the electricity leaked 
away into the air. Tins loss is less if the apparat us he 
(piite dry. It is therefore, usual to dry the interior by 
placing inside the ease a cup containing either chloride 
of calcium, or pumice stone soaked with strong sulphuric 
acid, to absorb the moisture. 

Before leaving the subject of electric forces, it may In* 
well to mention that the force of nttrnetian between two 
oppositely electrified bodies varies also inversely as the 
square of the distance between them. And in every case, 
whether of attraction or repulsion, the* force at any given 
distance is proportional to the product of the two 
quantities of electricity <m the bodies. Thus, if we 
had separately given a charge of *2 to the ball m and a 
charge of 3 to the ball n, the force between them will he 


law of inverse squares is only true when applied to the 
case of bodies so small, as compared with the distance 
between them, that they are mere points. For flat, large, 
or elongated bodies the law of inverse squares does not 
hold good. The attraction between two large flat disks 
oppositely electrified with given charges, and placed near 
together, does not vary with the distance. 

20. Field between two Balls. — The electric field 
(Art. 13) between two oppositely electrified balls is found 
to consist of curved lilies. 

By the principle laid down 
in Art. 13, there is a tension 
along these lines so that 
they tend not only to draw 
the two balls together, but 
also to draw the electrifica- 
tions on the surfaces of the 
balls toward one another. 

There is also a lateral pressure in the medium tending to 
keep the electric lines apart from one another. One 
result of these actions is that the charges are no longer 
equally distributed over the surfaces, but are more dense 
on the parts that approach most nearly. 

21. Unit Quantity of Electricity. — In conse- 
quence of these laws of attraction and repulsion, it is 
found most convenient to adopt the following definition 
for that quantity of electricity which we take for a unit 
or standard by which to measure other quantities of 
electricity. One ( electrostatic ) Unit of Electricity is that 
quantity which, token 'placed at a distance of one centimetre 
in air from a similar and equal quantity , repels it with a 
force of one dyne. If instead of air another medium 
occupies the space, the force will be different. For 
example, if petroleum is used the force exerted between 
given charges will be about half as great (see Art. 56). 

•n * e x. . ' j. 



Lesson 1 1 1.— HU'drijUuttiin fat lajht* tur 

22 . Influence.- -We have imw learned how i w< 
charged bodies may apparently a 1 1 ra**t or repel our 
another. Ifc is sometimes .slid that il is i In* charges in 
the bodies which attract or repel urn* another ; but as 
electrification is not known to exmt except in or on 
material bodies, the proof that it is (In* charges themselves 
which are aided upon is only indirect. Nevertheless there 
are certain matters which support this view, one of these 



17 . 


being the electric iniluenee exerted by au electrified hotly 
upon one not electrified. 

Suppose we electrify positively a ball t\ shown in Fig. 
17, and hold it near to a hotly that has not been electrified, 
what will occur H We take tor this experiment the 
^PP^^^® shown on t he right, consisting of a long mi usage - 
shaped piece of metal, either hollow or solid, held upon a 
glass support. This “ conductor," so called because it U 
made of metal which permits electricity to pass freely 
through it or over its surface, is supported on ghtss to 


CHAP. I 


INFLUENCE 


25 


prevent tlie escape of electricity to the earth, glass being 
a non-conductor. The influence of the positive charge 
of the ball placed near this conductor is found to induce 
electrification on the conductor, which, although it has 
not been rubbed itself, will be found to behave at its two 
ends as an electrified body. The ends of the conductor 
will attract little bits of paper ; and if pith-balls be hung 
to the ends they are found to be repelled. It will, how- 
ever, be found that the middle region of the long-shaped 
conductor will give no sign of any electrification. Further 
examination will show that the two electrifications on the 
ends of the conductor are of opposite hinds, that nearest 
the excited glass ball being a negative charge, and that at 
the farthest end being an equal charge, but of positive 
sign. It appears then that a positive charge attracts 
negative and repels positive, and that this influence can 
be exerted at a distance from a body. If we had begun 
with a charge of negative electrification upon a stick of 
sealing-wax, the presence of the negative charge near the 
conductor would have induced a positive charge on the 
near end, and negative on the far end. This action, 
discovered in 1753 by John Canton, is spoken of as 
influence or electrostatic induction * It will take 
place across a considerable distance. Even if a large 
sheet of glass be placed between, the same effect will be 
produced. When the electrified body is removed both 
the charges disappear and leave no trace behind, and 
the glass ball is found to be just as much electrified as 
before ; it has parted with none of its own charge. It 

* The word induction originally used was intended to denote an action 
at a distance, as distinguished from conduction, which implied the convey- 
ance of the action hy a material conductor. But there were discovered 
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will Ik* remembered that on mu* theory a hod\ 
positively in regarded as having elect rich 

the tilings round it, while one with a negative r 
regarded an having Avs. According t»» this view i 
appear that, when a luulv (such as tin* I- elect rife 
ball) having more electricity than things arotui 
placed near an insulated conductor, tin* uniform tl 
lion of electricity in that conductor is disturb 
electricity flowing away from that end which is i 
•f body, leaving less than usual at that end, and pr< 



more than usual at ll 
end. This view of thii 
ueeouut for t he disapp 
of all signs of elect ri 
when tin* elect ritieil 
removes 1, for then tl 
ductor returns to its 
eonditiou ; and being 
more nor less elect ri tit 
all the objects nroi 
the surface of the ear 


show neither positive nor negative charge. The 
is not, however, a mere action at a distance ; 
one in which the. intervening medium fakes an e 
part. Consider (Fig. IK) what takes place w! 
insulated, non-electriliud metal ball H is brought 
the influence of a positively electrified body , 
once some of the electric lines of the field that *ut 
A pass through B, entering it at the side nearer 
leaving it at the. farther sale. As the ball B 
charge of its own, as many electric lines will enter 
side as leave on the other ; or, in other words, the i 
negative, charge on one side and the induced j 
charge on the other will be exactly equal in a 
They will not, however, be quite equally didribut 
rmfmt.ivn tdinrffA rm tin* uni A lii*»ine 


23. Effects of Influence. — If the conductor be 
made in two parts, which, while under the influence of 
the electrified body, are separated, then on the removal 
of the electrified body the two charges can no longer 
return to neutralize one another, but remain each on 
its own portion of the conductor. 

If the conductor be not insulated on glass supports, 
but placed in contact with the ground, that end only 
which is nearest the electrified body will be found to 
be electrified. The repelled charge is indeed repelled 
as far as possible into the walls of the room ; or, if the 
experiment be performed in the open air, into the earth. 
One kind of electrification only is under tliese circum- 
stances to be found, namely, the opposite kind to that 
of the excited body, whichever this may be. The same 
effect occurs in this case as if an electrified body had the 
power of attracting up the opposite kind of charge out of 
the earth. 

The quantity of the two charges thus separated by 
influence on such a conductor in the presence of a charge 
of electricity, depends upon the amount of the charge, 
and upon the distance of the charged body from the 
conductor. A highly electrified glass rod will exert a 
greater influence than a less highly electrified one ; and 
it produces a greater effect as it is brought nearer mid 
nearer. The utmost it can do will be to induce on the 
near end a negative charge equal in amount to its own 
positive charge, and a similar amount of positive electri- 
fication at the far end ; but usually, before the electrified 
body can be brought so near as to do this, something else 
occurs which entirely alters the condition of things. As 
the electrified body is brought nearer and nearer, the 
charges of opposite sign on the two opposed surfaces 
attract one another more and more strongly and accumu- 
late more and more densely, until, as the electrified body 


another, leaving tin* induced charge «<f p.« it i\ .* ehvtrieity, 
which was formerly repelled !•> *!«•• «hi<T <nd of tin* 
conductor, us a permanent charm alter the eleetrilied 
body has heeu removed. 

In Fig. It) is illustrated the opet item ««f - radtiatlv 
lowering down over a table a pndthelv eleetrilied metal 
ball. Tim nearer it approaches the table, the m«*tv does 
the electric livid surrounding it n.iiei-utr.it.- it- ■■-ell* in the 
gap between the ball and the 
table tup ; the latter hemming 
negatively electrified by in Hu 
ettee. W here tin* eleetrio lined 
are deUM* d the ten-dun in the 
medium m yreate l, tint i 1 when 
tin* hall is lowered still further 
the meehanieal !'«• -i* tanee of the 
air ran n»» longer wit Inland the 
stress; it breaks du\\n and the 
layer of air I s * piereed by a spark. 
If oil is used as a surrounding medium instead of uit\ it 
will he found to stand a much greater stress wit hunt 
being pierced. 

24. Attraction duo to Influence. We are now 
able to apply the principle of inlluence to explain why an 
eleetrilied body should attract things that haw* mf hern 
electrified at all. Fig. 18 , on p. •«*, may he taken to 
represent a light metal hull B hung from a mlk thread 
presented to the end of a rubbed glam rod A. The 
positive charge on A produces l*tj m/binnv a negative 
charge on the nearer side of B and an e.pud positive 
charge on the far side of B, The nearer half of the bull 
will therefore he attracted, and the farther half impelled ; 
but the attraction will he stronger than the rrpubbm* 
because the attracted charge k nearer than the repelled. 
Hence on the whole the ball will be attracted, ft. nut 
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so much, as a ball of conducting material. This in itself 
proves that influence really precedes attraction. 

Another way of stating the facts is as follows : — The 
tension along the electric field on the right of B will be 
greater than that on the left, because of the greater 
concentration of the electric lines on the right. 

25. Dielectric Power. — We have pointed out several 
times what part the intervening medium plays in these 
actions at a distance. The air, oil, glass, or other material 
between does not act simply as a non-conductor ; it takes 
part in the propagation of the electric forces. Hence 
Faraday, who discovered this fact, termed such materials 
dielectrics. Had oil, or solid sulphur, or glass, been used 
instead of air, the influence exerted by the presence of the 
electrified body at the same distance would have been 
greater. The power of a non-conducting substance to 
convey the influence of an electrified body across it is 
called its dielectric power (or was formerly called its 
specific inductive capacity , see Art. 56 and Lesson XXIII.). 

26. The Electropborus. — We are now prepared to 
explain the operation of a simple and ingenious instru- 
ment, devised by Volta in 1775, for the purpose of 
procuring, by the principle of influence, an unlimited 
number of charges of electricity from one single charge. 
This instrument * is the Electrophorus (Pig. 20). It 
consists of two parts, a round cake of resinous material 
cast in a metal dish or “sole,” about 12 inches in 
diameter, and a round disk of slightly smaller diameter 
made of metal, or of wood covered with tinfoil, and 
provided with a glass handle. Shellac, or sealing-wax, or 
a mixture of resin, shellac, and Venice turpentine, may 
be used to make the cake. A slab of sulphur will also 
answer, but it is liable to crack. Sheets of hard ebonized 
indiarubber are excellent ; but the surface of this substance 

* Volta's electrophorus was announced in 1775. Its principle liad 
already been anticipated by Wilcke, who in 1762 described to the Swedish 


requires occasional washing with ammonia and rubbing 
with para ttin oil, as the sulphur contained in it is liable 
to oxidize and to attract moisture. To use the electro- 
pliorus the resinous cake must he beaten or rubbed with 
a warm piece of woollen cloth, or, better still, with a cat’s 



Fig. 2a 


skin. The disk or “cover” is then placed upon the cake, 
touched momentarily with the huger, then removed by 
taking it up by the glass handle, when it is found to be 
powerfully electrified with a positive charge, so much so 
indeed as to yield a spark when the knuckle is presented 
to it. The “ cover ” nmv htt rnnljuMvl 



the original charge on the resinous plate meanwhile 
remaining practically as strong as before. 

The theory of the electrophorus is very simple, pro- 
vided the student has clearly grasped the principle of 
influence explained above. When the resinous cake is 
first beaten with the cat’s skin its surface is negatively 
electrified, as indicated in Fig. 21. "When the metal disk 
is placed down upon it, it rests really only on three or 
four points of the surface, and may be regarded as an 
insulated conductor in the presence of an electrified body. 
The negative electrification of the cake therefore acts by 
influence on the metallic disk or “ cover,” the natural 
electricity in it being displaced downwards, producing a 
positive charge on the under side, and leaving the upper 
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Fig. 21. 
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Fig. 22. 


side negatively electrified. This state of things is shown 
in Fig. 22. If now the cover be touched for an instant 
with the finger, the negative charge of the upper surface 
will be neutralized by electricity flowing in from the earth 
through the hand and body of the experimenter. The 
attracted positive charge will, however, remain, being 
bound as it were by its attraction towards the negative 
charge on the cake. Fig. 23 shows the condition of 
things after the cover has been touched. If, finally, the 
cover he lifted by its handle, the remaining positive 
charge will be no longer “ bound” on the lower surface 
by attraction, but will distribute itself on both sides of 
the cover, and may he used to give a spark, as already 
said. It is clear that no part of the original charge has 
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often as desired. As a matter <>i fact, the charge on tlie 
cake slowly dissipates — especially if the air he damp* 
lienee it is needful sometimes to renew the original eharg'O 
by afresh beating the cake with the cat’s skin. Th<*- 
labour of touching the cover with the finger at each 
operation may he saved by having a pin of brass or n 
strip of tinfoil projecting from the metallic “sole” on to 
the top of the cake, so that it touches the plate each time, 
and thus neutralizes the negative charge by all owing? 
electricity to flow in from the earth. 

The principle of the eketrophorus may then be summed 
up in the following sentence. A conductor if touched 





while under the influence of a charged body acquire# therein/ 
a charge of opposite sign * 

Since the electricity thus yielded by the electrophorun 
is not obtained at the expense of any part of the original 
charge, it is a matter of some interest to impure what tin* 
source is from which the energy of this apparently un- 
limited supply is drawn ; for it cannot be called into 

x Priestley, in 17(17, stated this principle in tins following language 
“The electric fluid, when there i« a redundancy of it in any body, mjKdM 
the electric fluid in any other body, when they are brought within this 
sphere of each other’s influence, and drives it into the remote parts of tins 
body ; or quite out of the body, if there be any outlet for that purpose t„ 
In other wordn, bodies hwuerecd in electric atmotohere* alwava brnnuim 



exigence without t lu* <• \ | m* n* I i l n *■*« t »j some i*l ii«*r form of 
energy, any more than a M**utu * u>*i tu* ran w««rh without 
furl. Ah a matter ot fact it in found that it in n lit t U* 
harder work to 1st! up the cover when it is charged than 
if it, were not charged ; f»»r t when charged, there is tin* 
tension of tin* electric fold to 1 m* overcome as \v«*l 1 an tho 
fom* of gravity. Slightly harder work is done at tin* ex- 
pense of tla* muscular energies of tin* operator ; and this 
is tin* real origin of tin* stored up in tin* separate 

charges. Tin* purely ttinduninti actions of putting down 
tin* disk on tin* cake, touching it* and lifting it up, 
ran lu* performed automat irallv l*v suitable uicehmitenl 
arrangement', which tin* production of these 

inductive charges pun t i* all v rohlintiniK Of such eon 
timmuH uliM*tropln»i j, tin* latest is Wiutshurst s machine, 
described in besson \ . 

27. “ Frrni 11 and “ Boutul ” .Blaatrlticmtlun, Wo 
havt* spoken of it charge of electricity on tho surface of a 
conductor, m being “bound “ when it is attracted hy tho 
presence of a neighbouring charge of tho opposite kind, 
Tho converse form 14 free f is sotm timos applied to tho 
ordinary Hate of elrehicit y uj*«m a charged romtuctur, not 
in tho presence of a charge of an opposite kind. A 
“ free ” charge upon an inmluted conductor flows away 
instmitiuiooindy h» tho earth, if a conduct mg channel be 
providod, ns will l*o explained, It t« muuatorial wlmt 
point of tho conductor 1«» batched, Thus, in the case 
represented in Fig. 17* wherein a f electrified hi*dy 
induces *« electrification nt tho near end, and f ojoctri 
ficutiun nt tho far oinl of an insulated conductor* tho - 
charge is “hound*" being ailnoted, while the } charge 
ni the other e|»d t hetfig rejadled, is 44 free. M ; nud if the 
in hu luted o« nidi iei« »r be ton* bed hy a jH**«uti nittinling on the 
ground, the “ free ** charge will th»w awny through his body 
to the earth, «r to the Wiill.ii of the room, while tin? 41 hound 


2Q. Method of churtfintf Urn Quid 1 a'uf Klnetro- 
soope by Influo noo. The tud . ui will n..« he pj V . 
pared to understand tin* iu« * It* -4 h;, which .! ( h.ld 
Electroscope can be charged wish the «*] }«< ^ it** kind of 
charge to that of tin* electrified b« »U u -*-»i i. • charge jg 
In Lesson 11. it was assumed that the u.n it. eh:ug«* nu 
electroscope was to place t It** cost. .{ \<> »dy in n.ntart 
with the knoh, and thus |« rm it, a > it a anal! pur* 

t ion of the charge to flow into t !i«- gold leave;, \ p, „[ 
of glass rubbed on silk bring \ wont! thin .d.viou |y 
impart 4- electrification to the g.. Id ha\ei, 

Suppose, however, tie* rubbed eke- rod to be hrld a 
few inches above the knob of the < h » fi Mnrope, ii‘i is 
indeed shown in Fig. 1*2. Kven a! tin , di g.unv tin* gold 
leaves diverge, and the effect i ■» *lue {.. intbn in e. Thu 
gold leaves, and the brass wire and knob, f».nu «*ne eon» 
tinuous conductor, insulated fr.«m the ground by the 
glass jar. The prune mv of the \ charge <d the g!a*« u»u 
inductively on this “insulated eondm tor/’ inducing 
electrification on the near end or kind., and inducing > 
at the far end, iV. on tin* gold leave*, ubn h diverge, 
Of these two induced charge*, the on the kind* k 
“bound,” while the + on the leave* in »• f>« r T If now, 
while the excited ml is still held above the ebrtmseope, 
the knob be touched by a person standing on the ground, 
one of these two induced charges flow * to the ground, 
namely, the free charge- not that on the kind. jp'rlf, f M ' Y 
it was “bound,” but that on the gob! ! ru\.*« which was 
“free”— -and the gold leaves instantly dropdown *t might. 
There now remains only the charge on the knob, 
“hound” so long as the 4* charge „r the gh*m rod j* 
near to attract it But if, finally, the gl a*** i ... I be taken 
right away, the - charge in no longer “ bound'* on the 
knob, hut is “free” to flow into the h-nv e w he h «*in'e 
more diverge— hut this time with a mwfitv elect tith-at ion, 
29 . The “Beturn-BhookT ft, .mi t 


a discharge i* f * ■* 1 1 bv j f ‘ r " - . u -^ 

<*\Ttl UltVct »!♦»•«» »’j' \u l\ qv-ulfi- l !■■:>* ; *§ 

known uh tin* ** r«*t iirt* »!*«*«• U »» dm* n* miut* u< <• !■ 

in tin* juvmmuv of a * bai r :*d *mohn-r ; a ■ !*?•.-••• •• 
opposite sign will h«* iudn»-**4 in •• oho,,*- 

and cm tin* dim* halve «*f ibr »- 0 ;dn< 1-r Shi ••»• r,< ehUr • v 

ing bodies may nb»*< Huddmlv *i j^-haty* 

charge info tin* riirtli, **r »*!•» »*?hcr l«*h. <-» 

A 41 return-shock “ i« f*di h* |-a-> a? -*au h^,, 

iin tin* yroHtld lit tlir lii»»IM»-li! ttb'<3i A 

has fit ruck an 4 *1 t man* 1 dndan**- an.iji. 


LKHHnN I V. ('tmttlif floil HJi t r.lv-H * l"r n*.v?y 
30. Ot'mdttofclon. — Toward the «•!.-**• >•( !,«■**. ai i 

\vc ox plained In*w nrtlaoi b**ds »n« h iw \ h* i->-. 
conduct 4*l»Ttrn*ity f while other# ^rn to»i* r^ndot 
insulators, Thin tlwfovmy ta «l»ir !•» MrpWt* i **■.*■* 
who, in 172D* fmtml that a cork* lo^int mm* lb* *•• t-^4 
<if It rubbed gln *0 tiling and rvm A r*4 «f wr.«*>4 I 
into tint cork, jK«.iw#r»l tin* j»»»Tr «*f aiimvtfts^ h^bt 

Ik at tea, lit* found, similarly, tlsa! w,-.tr j^l. 

ill mul conducted elect r icily, while «*lh did me 

We may repent ihr*e <aj«’ritnrnu 1% u% i%* <> ** 
f‘% 25) ?t glass fitted with a ■*%, ami « pir.<* 

Wood, l fit bull el nr It bra-.?* ki»*.-h U- hong |-. \hr <4 
thin by a lim*n thread or a wire, a k found ih-ji » V r * , i| }f 
gliiHM taihti i» rublw’i! t|„» tmlli-t m »|w:?rv* \hr. 

attracting light b*4b^ If a dry itlT,!).’) 4 5 ««.«| # 

lmwt*vt*r» no tdct’lrmity will flow d^wu t-., ihr \ *ui!r« 

Clmy t*Vi*li ntti*rA«*dod in tn»fo»9»ilt3iy^ a rJ^srgw «l 
chudririty thnmgli a h« to}*rn Ihrm4 l-4rf ?fMi ftf-il 
aus|H*mlcd on »iSkoti 1 om|*«, A biilw Uut f i ,> 
nucmnlnl in umiilimi nWtriritv i-, 


classification of bodies into conductor* and in* nit it nr* has 
been observed. 

This distinction cannot, however, be entirely main- 
tained, as a large class of substances omtpy an inter- 
mediate ground as partial conductors. For example, dry 
wood is a bad conductor and also a bad insulator ; it, 
is a good enough conductor to conduct away the lugle 
potential electricity obtained by friction, but it w a 
bad conductor for the relatively low potential electricity 
of small voltaic batteries. Substances that are very bad 
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conductors are said to offer a great resistance to the 
flow of electricity through them. There in indeed no 
substance so good a conductor m to lm devoid of resist* 
ance. There is no substance of so high a resistance as 
not to conduct a little. Even silver, which conducts best 
of all known substances, resists the flow of electricity to 
a small extent ; and, on the other hand, such n mm cuts 
ducting substance as glass, though its nwbtiiiico In many 



following lh4, I lit* h.ium-I .»*• i 

each cuiuhtetmg ht*H« , r than Ch- < A 

Silviu* , 

Other iiirl tl 
( ‘lintvu»il 
Water 
Thu I»»h!\ 

iMv wu,ui 

MtfVlilr 

oil . 

I'otvt'lntti 
Wih .1 . 

Hilt 
I Mi it . 

HJivlIwc 
Klmftitf 
heath u 

UhltVi , 

Quail*. |ttm'*J| 

Ah . 

A .simple way <*f ttMivur* t’*|»r>rtfiwtitalU 
hotly in a ciiticlitoiur «»r u* 4, in l»* * ^liar^r | ^,*4 

leaf eleetrtwt»|w\ ntict, !l*«> mi Mian. m | 

examined in the hand, Much iho knot ,4 tW *4,-. w 

scope with it, If tint tmWian^ a.* a m.hTm i’ U 
electricity will flow away lhr«.mgh it and thf-m-h U-h 
to the earth, mid tie *dertfvfm*p mil !.**-■ .!•»■. 
Through good *m*idueti»n» the rapidity >4 tW |P,« « - 
great that the doehargo t* prartteaHi- »t»r.uMai»r^s 
Further infurmAtiutt mi* tin* mit?*tn*i» t* gnc*» m l***, 
XXX 11 1, 

31 Di*trlbutlon of Ots&nr** «« ff«t«ti«t 
eleotrifUmthm i# pr»»lin*i’4 at our pari *4 * u>«u t ,i 4 , f 
ilitf body, it reiililitw lit that tHtini nod 


! Uu-otf tUuntuot**! 
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) t’arUtd t ’niulm'Uar- 


, Nt*M t ‘uuduet*** a *»r 
f tiumlntom 


Tims if a glass tube is rubbed at one end, only f hat, one 
end is elertri lie< 1. Hot glass is, however, a conductor. 
I.f a warm cake of resin he rubhed a! one part with a 
piece of cloth, only the portion rubbed will attract, light 
bodies, as may be proved bv dusting upon it through a 
piece of muslin tine powders such as red lead, lyco- 
podium, or verdigris, which adhere where the surface is 
electrified. The ease is, however, wholly different when 
a charge of eled-rieity is imparted to any part of a con- 
ducting body, placed on an insulating support, for it 
•iHsUmthj distributes itself all over the. surface, though in 
general not uniformly over all points of the surface. 

32. T.ho Charge resides on the Surface. A 
charge of electricity resides only on the surface of con- 
ducting bodies. This is proved by the fact that it is 
found to he immaterial t«> the distribution what the 
interior of a conductor is made of; h may be solid metal, 
or hollow, or even consist of wood covered with tinfoil 
or gilt, but, if the shape he. the same, tin* charge will 
distribute itself precisely in the same manner over the 
surface. There are, also several ways of proving by 
direct experiment this very important fact, Let a hollow 
metal ball, having an aperture at the top, he taken (as in 
Fig. 26), and set upon an insulating stem, and charged 
by sending into it a few sparks from an eleetrophorus. 
The absence of any charge in the interior may he shown 
as follows; — In order to observe the nature of the elec- 
trification of a charged body, it is convenient to have some 
means of removing a small quantity of the charge an 
a sample for examination. To obtain such a sample, a 
little instrument known as u proof-piano is employed. 
It consists of a little disk of sheet copper or of gilt paper 
fixed at the end of a small glass rod. If this disk is laid 
on the surface, of an electrified hotly at any point, part 
of the charge Hows into it, and it may he then removed, 
and the sample thus obtained may be examined with a 



purposes a metallic Lead, fastened to the end of a glass 
rod, is more convenient than a Hat dish. If such a proof- 
plane he applied to the outside of our electrified hollow 
hall, and then touched ou the knob of an electroscope, 
the gold leaves will diverge, showing the presence of a 



Fig, 20. 


charge. But if the proof -plane be carefully inserted 
through the opening, and touched against the inside of 
the globe and then withdrawn, it will be found that the 
inside is destitute of electrification. An electrified pewter 
mug will show a similar result, and so will even a 
cvlinder of erauze wire. 


33. Biot’s Experiment. Mint prmvd the same fuel 
in another way. A copper bull wan electrified and 
insulated. Two hollow hemispheres of copper, of a 
larger size, and furnished with glass handles, were then 
placed together outside it (Fig. ^7). So long as they 
did not come into contact the charge remained, on the 
inner sphere ; but if the outer shell touched the. inner 
sphere for but an instant, the whole of the charge passed 

/i 
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to the exterior ; and when the hemispheres wore separated 
and removed the inner globe was found to he completely 
discharged. 

34. Further Explanation. —Doubtless the explana- 
tion of this behaviour of electricity is to be found in the 
property previously noticed as possessed by cither kind 
of electrification, namely, that of repelling itself; hence 
it retreats as far as can be from the centre and remains 
upon the surface. An important proposition concerning 
the absence of electric force within a closed conductor is 

moved in Timbati YYT . 


lt ft f, w diaiW' "f <' | ."'trHMtv in tin- tnl.-n..r • ■! li«ll»w 
, nductorn. Amnn^l nlltt-r .'^H'liim-uK I » r. t u« tu alniwml 
lnt a paiv ol' goM li'HVfH hung it «i'<- «‘<mM 

lot be Jiiiule tn .living 'v lu'ii Ui- «•»«.; 
tolay coiiHtrudtnl a romriil hag «*M>iin» mi f>« 

! i , w ; n p; t r «!«•» an insulating *tnml, ami to 
jorleu as in i i n - » * tsi i t ”* i t i 

vhich rtillc Hiring wm* nUnrlmd, by whu*U it vtnM hv 

iuruuil iiwiiln mil. H "it** rlmrgr.1, hii> 1 tin' ftmiy..' wiw 
']iown by i'lin immf l>lnn>' it't‘1 ' I'' 1 ' 1 1,1 ,,, • ‘* 11 tb.' 
lutsido ill' tint bag. On i! in-ntf f*«t tin- flff- 
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ricity was oner? more fntiti*! md$uh, Kara* lav a n**wt 
Iriking uxiK*riim»i*t wra* mmto with a Im 4 !mw *o*W% 
ncosuring ii feet each way, built of r»*wml with 
infoil, inkuluted, nml i-haiflwl with n j«»wrrfnl iinniisma 
o that largo Hparki* wwl t»ru*hw» were darling t»ff from 
very part of it* outer surface. Inti* thin culm Farm lay 
ook his most delicate ehaHmscojir# ; but nine w till in ho 
ailed to detect the lwaal effort u|h*u llttuu* 


instruments, which can he oUerfually screened IVum 
the inlluenee of elect rilied bodies by enclosing them 
in a cover of thin metal, closed all round, except, where 
apertures must he made, fur purposes of observation. 
Metal gauze answers excellently, and is nearly transparent. 
It was proposed by the late Professor (Merit Maxwell to 
protect buildings from lightning l»v covering them uu the 
exterior with a network of wires. 

36. Apparent Exceptions. There are two ap- 
parent exceptions to the law that, electrification resides 
only on the outside of conductors. (I ‘ If there are electri- 
fied insulated bodies actually placed inside the hollow 
conductor, the presence of these electrified bodies acts 
inductively and attracts tin* opposite kind of charge, to 
the inner side of the hollow conductor. (:!) When elec- 
tricity Hows in a current, it Hows through the substance, 
of the conductor. The law is limited therefore to elec- 
tricity at rest, — that is, to afttliad charges. 

37. Faraday’s “ Ico-pail ” Experiment. ( >ne ex- 
periment of Faraday deserves notice, as showing the 
part played by induction in these phenomena. He 
gradually lowered a charged metallic ball into a hollow 
conductor connected by a wire, to a gold leaf electro- 
scope (Fig. 2D), and watched the etlcct. A pewter ice- 
pail being convenient f«*r his purpose, this experiment is 
continually referred to by this mime, though any other 

hollow conductor a tin canister or a silver mug, placed 

on a glass support— would of course answer equally 
well. The following effects are observed : — Suppose 
the ball to have a 4* charge : as it is lowered into the 
hollow conductor the gold leaven begin to diverge, for 
the presence of tin*, charge acts inductively, and attracts 
a - charge into the. interior and repels a -p charge to the 
exterior. The gold leaves diverge more and more until 
the hall is right within the. hollow conductor, after which 
no greater divergence is obtained. On letting the ball 


before, and if now the ball is pulled, out it is found to 
have lost all its electrification. The fact that the gold 
leaves diverge no wider after the ball touched than they 
did just before, proves 
that when the charged 
ball is right inside the 
hollow conductor the 
induced charges are 
each of them precisely 
equal in amount to its 
own charge, and the in- 
terior negative charge 
exactly neutralizes the 
charge on the ball at 
the moment when they 
touch, leaving the 
equal exterior charge 
unchanged. An electric 
cage , such as this ice- 
pail, when connected 
with an electroscope 
or electrometer, affords an excellent means of examining 
the charge on a body small enough to be hung inside 
it. For without using up any of the charge of the 
body (which we are obliged to do when applying the 
method of the proof-plane) we can examine the induced 
charge repelled to the outside of the cage, which is 
equal in amount and of the same sign. If two equal 
charges of opposite kinds are placed at the same time 
within the cage n'o effects are produced on the outside. 

38. Distribution of Charge. — A charge of elec- 
tricity is not usually distributed uniformly over the 
surfaces of bodies. Experiment shows that there is more 
electricity on the edges and corners of bodies than upon 
their flatter parts. This distribution can be deduced 
from the theory laid down in Lesson XXI., but mean- 
time wa will crivA snrnA nf the. ebief tbev Wa 




39. Redistribution of Chnrgo, If any porti 

of the charge of an insulated conductor be removed, t 
remainder of the charge will immediately ivdistril.n 
itself over the surface in the sane* manner as the urigh 
charge, provided it he al o that no of!) 

condtte.iors or charged bodies he near to perturb f. 
distribution by complicated idler U of iutlueuce. 

If a conductor be charged with any quantity of eh 
tricity, and aunt her conductor of the stun* si/e and shn 
(hut uncharged) he brought into contact with it. for j 
instant and then separated, it will be {bund that t 
charge 1ms divided itself equally between them. In t 
same, way a charge may be divided equally into three, 
more parts by being distributed simultaneously over t hr 
or more equal and similar conductors brought in 
contact and symmetrically placet!, 

If two equal metal halls, suspended by silk string 
charged with unequal quantities of electricity, are brnug 
for au instant into contact and then separated, it will 
found that this charge has redistributed itself fairly, lu 
this sum of the two charges being now the «-harge of ear 
This may even be extended to the ease of charges 
opposite signs. Thus, suppose two similar conductors 
he electrified, one with a positive charge, of f> units ai 
the other with 3 units of negative charge, when these a 
made to touch and separated, each will have a posit i 
charge of 1 unit ; for the algebraic sum of f f> and d 
+ 2, which, shared between the two equal condueto] 
leaves + I for each. 

40, Capacity of Conductors. If tin* condueto 
he unequal in size, or unlike in form, the chares tak< 
by each in this redistribution will m*t be equal, but. w: 
he proportional to the electric, cu/im/aa of the conductoi 
The definition of capacity in its relation to elect i 
quantities is given in lesson XXI., Art. fc J 7 I . We nm 
however, make the remark, that two insulated condueto 


electrical ntjutrittf; for tlie larger one hiumI- have a larger 
amount of electricity imparled to it. hi order to electrify 
its surface, to the same degree. The term potmtial in 

employed in this eonnec.tfun, in the following way : A 

given quantity of eleetrieit y will electrify an isolated hotly 
up to a certain u potential” (or power of doing electric 
work) depending on its capacity. A largo t(u<tnii(ij of 
electricity imparted to a conductor of small atpnriiy will 
electrify it up to a very high jmtaitial ; just tw a large 
quantity of water poured inti) a vessel of narrow rapacity 
will raise tin* surface of the water to a high level in tin* 
vessel. The exact definition of Potential, in terms of 
energy spent against, the electrical forces, in given in the 
lesson on Fleet rostutira (Art. iiUil). 

If will he found convenient to refer to a positively 
electrified body as one electrified to a ptmitiw or hitjh 
potent iul ; while a negatively electrified body may he 
looked upon an one electrified to a /me or nniative 
poind iul. And just as \ye take the level of the sea as 
a zero level, ami measure the heights of mountains above 
if, and the depth# of mines below it, using the sea level 
ns a convenient point id' reference for dillercnces of level, 
no we take the potential of the earl Ids surface (for the 
surface of the earth h alwayn electrified to a certain 
degree) as ;:m> •jwtrutml, and uw it as a convenient point 
of reference from which to measure diUVreneen of electric 
potential 


Lkhhox \\~— Khvttu' MtU'hims 

41. For the jmrpoiie of procuring larger supplies of 
electricity than can he obtained by the rubbing of n rod 
of glass or shellac, electric mu&hlnm have been 
devised. All electric much men eotiMiMt. of two hiirtu ****** 


electrification developed by friction upon the two .surfaces 
rubbed against one another depend on the amount of 
friction, upon the extent of the surfaces rubbed, and also 
upon the nature of the substances used. If the two 
substances employed are near together on the list of 
electrics given in Art. G, the electrical effect of rubbing’ 
them together will not be so great as if two substances 
widely separated in the series are chosen. To obtain 
the highest effect, the most positive and the most negative 
of the substances convenient for the construction of a 
machine should be taken, and the greatest available 
surface of them should be subjected to friction, the 
moving parts having a sufficient pressure against one 
another compatible with the required velocity. 

The earliest form of electric machine was devised by 
Otto von Guericke of Magdeburg, and consisted of a globe 
of sulphur fixed upon a spindle, and pressed with the 
dry surface of the hands while being made to rotate ; 
with this he discovered the existence of electric spark vS 
and the repulsion of similarly electrified bodies. Sir 
Isaac Newton replaced Yon Guericke’s globe of sulphur 
by a globe of glass. A little later the form of the 
machine was improved by various German electricians ; 
Yon Eose added a collector or “ prime conductor,” in 
the shape of an iron tube, supported by a person stand- 
ing on cakes of resin to insulate him, or suspended by 
silken strings ; Wincklerof Leipzig substituted a leathern 
cushion for the hand as a rubber ; and Gordon of Erfurt 
rendered the machine more easy of construction by using 
a glass cylinder instead of a glass globe. The electricity 
was led from the excited cylinder or globe to the prime 
conductor by a metallic chain which hung over against 
the globe. A pointed collector was not •employed until 
after Franklin’s famous researches on the action of points. 
About 1760 De la Fond, Planta, llamsden, and Cuthbort- 
son, constructed machines having glass plates instead of 
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this charge by tlie following process : — The + charge 
being carried round on the glass acts inductively on the 
long insulated conductor, repelling a + charge to the far 
end ; leaving the nearer end - ly charged. The effect of 
the row of points is to emit a - ly electrified wind (see 
Art. 47) towards the attracting 4- charge upon the glass, 
which is neutralized thereby ; the glass thus arriving at 
the rubber in a neutral condition ready to be again, 
excited. This action of the points is sometimes described, 
though less correctly, by saying that the points collect the 
+ charge from the glass. If it is desired to collect also 
the- -charge of the rubber, the cushion must be supported 
on an insulating stem and provided at the back with a 
metallic knob. It is, however, more usual to use only the 
+ charge, and to connect the rubber by a chain to “ earth,” 
so allowing the - charge to be neutralized. 

43. The Plate Electric Machine. — The Plate 
Machine, as its name implies, is constructed with a 

circular plate of glass 
or of ebonite, and is 
usually provided with 
two pairs of rubbers 
formed of double 
cushions, pressing the 
plate between them, 
placed at its highest 
and lowest point, and 
provided with silk 
flaps, each extending 
over a quadrant of 
the circle. The prime 
conductor is either 
double or curved 
round to meet the 
plate at the two ends 
of its horizontal diameter, and is furnished with two 



points in the cylinder machine. A common form of 
plate machine is shown in Fig. 32. The action of 
the machine is, in all points of theoretical interest, the 
same as that of the cylinder machine. Its advantages 
are that a large glass plate is more easy to construct than 
a large glass cylinder of perfect form, and that the length 
along the surface of the glass between the collecting row 
of points and the edge of the rubber cushions is greater 
in the plate than in the cylinder for the same amount of 
surface exposed to friction ; for, be it remarked, when the 
two charges thus separated have collected to a certain extent, 
a discharge will take place along this surface, the length 
of which limits therefore the power of the machine. In 
a more modern form, due to Le Roy, and modified by 
Winter, there is but one rubber and flap, occupying a 
little over a quadrant of the plate, and one collector or 
double row of points, while the prime conductor consists 
of a ring-shaped body. 

44. Electric Amalgam. — Canton, finding glass to 
be highly electrified when dipped into dry mercury, sug- 
gested the employment of an amalgam of tin with mercury 
as a suitable substance wherewith to cover the surface of 
the rubbers. Still better is Kienmayer’s amalgam, con- 
sisting of equal parts of tin and zinc, mixed while molten 
with twice their weight of mercury. Bisulphide of tin 
(“mosaic gold”) may also he used. These amalgams are 
applied to the cushions with a little stiff grease. They 
serve the double purpose of conducting away the negative 
charge separated upon the rubber during the action of the 
machine, and of affording as a rubber a substance which 
is more powerfully negative (see list in Art. 6) than the 
leather or the silk of the cushion itself. Powdered graphite 
is also good. 

45. Precautions in using Frictional Machines. 

— Several precautions must be observed in the use of 
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hence, except in tlie driest climates, it is necessary to 
warm the glass surfaces and rubbers to dissij>ate the film 
of moisture which collects. Glass stems for insulation 
may be varnished with a thin coat of shellac varnish, or 
with paraffin (solid). A few drops of anhydrous paraffin 
(obtained by dropping a lump of sodium into a bottle 
of par affi n oil), applied with a hit of flannel to the 
previously warmed surfaces, hinders tlie deposit of moist- 
ure. A frictional machine which has not been used for 
some months will require a fresh coat of amalgam on its 
rubbers. These should be cleaned and warmed, a thin 
uniform layer of tallow or other stiff grease is spread 
upon them, and the amalgam, previously reduced to a line 
powder, is sifted over the surface. In spite of all pre- 
cautions friction machines are uncertain in their be- 
haviour in damp weather. This is the main reason why 
they have been superseded by influence machines, which 
do not need to be warmed. 

All points should be avoided in apparatus for 
frictional electricity except where they are desired, like 
the “ collecting ” spikes on the prime conductor, to let 
off a charge of electricity. All the rods, etc., in frictional 
apparatus are therefore made with rounded knobs. 

46. Experiments -with tlie Electric Machine. 
— With the electric machine many pleasing and instructive 
experiments are possible. The phenomena of attraction 
and repulsion can be shown upon a large scale. Fig. 33 
represents a device known as the electric chimes,* 
in which two small brass balls hung by silk strings are 
set in motion and strike against the bells between which 
they are hung. The two outer bells are hung by metallic 
wires or chains to the knob of the machine. The third 
bell is hung by a silk thread, but communicates with the 
ground by a brass chain. The balls are first attracted to 

* Invented in 1752 by Franklin, for the purpose of warning liim of tlie 



tlie electrified outer bells, then repelled, and, having dis- 
charged themselves against the uninsulated central bell, 
are again attracted, and so vibrate to and fro. 

By another arrangement small figures or dolls cut out 
of pith can be made to dance up and down between a 
metal plate hung horizontally 
from the knob of the machine, 
and another flat plate an inch 
or two lower and communi- 
cating with “ earth.” 

Another favourite way of 
exhibiting electric repulsion 
is by means of a doll with 
long hair placed on the 
machine ; the individual 
hairs stand on end when the 
machine is worked, being 
repelled from the head, and 
from one another. A paper 
tassel will behave similarly 
if hung to the prime con- 
ductor. The most striking way of showing this pheno- 
menon is to place a person upon a glass -legged stool, 
making him touch the knob of the machine ; when the 
machine is worked, his hair, if dry, will stand on end. 
Sparks will pass freely between a j>erson thus electrified 
and one standing upon the ground. 

The sparks from the machine may be made to kindle 
spirits of wine or ether, placed in a metallic spoon, con- 
nected by a wire with the nearest metallic conductor 
that runs into the ground. A gas jet may be lit by 
passing a spark to the burner from the finger of the 
person standing, as just described, upon an insulating 
stool. 

47. Effect of Points; Electric Wind. — The effect 
of points in discharging electricity from the surface of a 
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If the machine he in gooil working order, and capable, of 
giving, say, sparks 4 indies long when the knuckle in 
presented to the knob, it will he found that, on ia, stoning 
a fine-pointed needle to the conductor, it discharges the 
electricity so effectually at its point that only the shortest 
sparks can be drawn at the knob, while a fine jet or brush 
of pale blue light will appear at the point. If a lighted 
taper be held in front of the point, the flume will be 
visibly blown aside (Fig. 31) by the streams of electrified 
air repelled from the point. Those air-currents can he 
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felt with the hand. They are due to a mutual repulsion 
between the electrified air particles near the point and 
the electricity collected on the point itself. That this 
mutual reaction exists is proved by the electric fly or 
electric reaction-mill of Hamilton (Fig. 35), which 
consists of a light cross of brass or straw, suspended on a 
pivot, and having the pointed ends bent round at right 
angles. When placed on the prime conductor of the 


immediately in front of them drives tlie null round in 
the direction opposite to that in which the points are 
bent. It will even rotate if immersed in turpentine or 
petroleum. If the points of the 
fly are covered with small round 
lumps of wax it will not rotate, 
as the presence of the wax pre- 
vents the formation of any 
wind or stream of electrified 
jmrticles. 

The electric wind from a 
point will produce a charge 
upon the surface of any insulat- 
ing body, such as a plate of 
ebonite or glass, held a few 
inches away. The charge may 
be examined by dusting red 
lead or • lycopodium powder 
upon the surface. If a slip of 
glass or mica be interposed between the point and the 
surface against which the wind is directed, an electric 
shadow will be formed on the surface at the part so 
screened. 

48. Armstrong’s Hydro-Electrical Machine. — 

The friction of a jet of steam issuing from a boiler, 
through a wooden nozzle, generates electricity. In 
reality it is the particles of condensed water in the jet 
which are directly concerned. Lord Armstrong, who 
investigated this source of electricity, constructed a 
powerful apparatus, luiown as the hydro-electrical 
machine, capable of producing enormous quantities 
of electricity, and yielding sparks 5 or 6 feet long. 
The collector consisted of a row of spikes, placed in the 
path of the steam jets issuing from wooden nozzles, 
and was supported, together with a brass ball which 
served as prime conductor, upon a glass pillar. 




of electrical machine, differing entirely irom those we 
have been describing, and depending upon the principle of 
influence. They also have been termed convectwn~%%tluctio r )h 
machines , because they depend upon the employment of a 
minute initial charge which, acting by influence, induces 
other charges, which are then conveyed by the moving 
parts of the machine to some other part, where, tiny can 
be used either to increase the initial charge or to furnish 
a supply of electrification to a suitable collector. Of such 
instruments the oldest is the Jillcctrophorus, explained fully 
in Lesson III. Bennct, Nicholson, Erasmus Darwin, and 
others devised pieces of apparatus for accomplishing by 
mechanism that which the electrophorus accomplishes by 
hand. Nicholson’s revolving doubler , invented in 1788, 
consists of a revolving apparatus, in which an insulate, d 
carrier can be brought into the presence of an electrified 
body, there touched for an instant while under influence, 
then carried forward with its acquired charge towards 
another body, to which it imparts its charge, and which 
in turn acts inductively on it, giving it an opposite 
charge, which it can convey to the first body, thus 
increasing its initial charge at every rotation. 

In the modern influence machines two principles urn 
embodied : (1) the principle of influence , namely, that a 
conductor touched while under influence acquires a charge 
of the opposite kind ; (2) the principle of reciprocal 
accumulation. This principle must be carefully noted. 
Let there be two insulated conductors A and I> electrified 
ever so little, one positively, the other negatively. .Let a 
third insulated conductor C, which will be called a carrier , 
be arranged to move so that it first approaches A and 
then B, and so forth. If touched while under the influ- 
ence of the small positive charge on A it will acquire a 
small negative charge ; suppose that it then moves on and 
gives this negative charge to B. Then let it In* touche* l 
while under the influence nf an » nmn.ll 


up thin positive charge to A, thereby iherejudng itn 
] )OHiti vo charge. Then A will art more powerful] y, mu l 
on repeating the former operation* both It ami A will 
become more highly charged. Kuch umtuiulntcH tin* 
charges derived l\v iutluenee from tin* other, Thin in t ho 
fundamental *trii**i* of the machines in question, The 
modern inlluenee machines date fr**m lHi»u f when ( \ F. 
Varlcy produced a f'»rm with ri* carriers mounted on n 
rotating dink of glam Tin* wan followed in I HCIfV hy 
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the. machine of Holt/ amt that of Toe pier, ami in 1 8(17 
hy those of herd Kelvin (the ” replenndnT ** and the 
11 mouse-mill ”). The latent forum are thoui of Mr, 
James Wimshund, 

50. Typical OonHtruotion. - Before dewihiug 

nome npeeial forms we will deal with a generalized type 
of machine having two Ihed jhU yhttat % A and It, which 


a diagrammatic way a view of the essential parts. p,, r 
convenience of drawing it is shown an if the metal tie|<g 
plates A and B were aflixed to the. outside of an outer 
stationary cylinder of glass ; tins six earners p, */, r, / 
and u being attached to tin*, inside of an inner rotating 
cylinder. The essential parts then an* as follows : • 

(i.) A pair of field-plates A and II 

(ii.) A set of rotating cur r 'urn p, //, r, s, /, and it, 

(iii.) A pair of neutral izitit/ brushes //,, n, % made of 
flexible metal wires, the funetion of whieh is 
to touch the carriers while they are under tin* 
influence of the field -plates. They are mn~ 
nceted together by a tliatjonal comhui w\ whieh 
need not be insulated. 

(iv.) A pair of a pproprialhuj brushes a p rr„, widt h reach 
over from the, lield -plates to appropriate tin* 
charges that are conveyed around by the 
carriers, and impart them to the tie Id-) dates. 

(v.) In addition to the above, whieh are suHirlcnt to 
constitute a complete self-exciting machine, it 
is usual to add a dischartjhuj apparatus rousht- 
ing of two combs c v c, 2 to collect any unupprm 
priated charges from the carriers after they 
have passed the appropriating brushes ; these 
combs being connected to the adjustable din- 
charging balls at IX 

The operation of the machine is as follows. The 
neutralizing brushes are set so ns to touch the moving 
carriers just before they pass out of the influence of the 
field-plates. Suppose the field-plate A to he charged ever 
so little positively, then the carrier p, tnuchtnl by just 
as it passes, will acquire a slight negative charge, whieh it 
will convey forward to the appropriating brush and 
will thus make B slightly negative*. Much of the earners 
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right to left at the lower side will he touched h y n 2 while 
under the influence of the — charge on B, and will 
convey a small charge to A. through the appropriating 
brush In this way A will rapidly become more and 
more + , and B more and more - ; and the more highly 
charged they become, the more do the collecting combs 
c x and c 2 receive of unappropriated charges. Sparks 
will snap across between the discharging knobs at D. 

The machine will not be self-exciting unless there is a 
good metallic contact made by the neutralizing brushes and 
by the appropriating brushes. If the discharging apparatus 
were fitted at c v c 2 with contact brushes instead of spiked 
combs, the machine would be liable to lose the charge 
of the field-plates, or even to have their charges reversed 
in sign whenever a large spark was taken from the knobs. 

It will be noticed that there are two thicknesses of 
glass between the fixed field-plates and the rotating carriers. 
The glass serves not only to hold the metal parts, but 
prevents the possibility of back-discharges (by sparks or 
winds) from the carriers to the field-plates as they pass. 

The essential features thus set forth will he found in 
Varley’s machine of 1860, in Lord Kelvin’s “ replenisher ” 
(which had only two carriers), and in many other machines, 
including the apparatus known as Clarke’s ££ gas-lighter.” 

51. Toepler’s Influence Maclaine. — In this 
machine, as constructed by Voss, are embodied various 
points due to Holtz and others. Its construction follows 
almost literally the diagram already explained, but instead 
of having two cylinders, one inside the other, it has two 
flat disks of varnished glass, one fixed, the other slightly 
smaller rotating in front of it (Eig. 37). The field-plates 
A and B consist of pieces of tinfoil, cemented on the 
hack of the back disk, each protected by a coating of 
varnished paper. The carriers are small disks or sectors 



metallic button in attached to the middle of each. Th 
neutralizing brushes Wp tt ? an* small whisps of tin 
springy brans 'wire, and are nu muted on the emis of 
diagonal conductor %. f riu* appropriating brushes a a 
are also of thin braes wire, and are fastened to clamp 
projecting from the edge of the ti\e<l didi, so that t luv 
(Communicate, metallically with the two held plates. Th 
collecting combs, which Iiave brass spikes so short, as no 
to touch the carriers, are mounted on insulating pillar 
and are connected to the adjustable discharging kuuh 
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D p T).,. These also communicate with two small Lcyde 
jars dp J vj , the function of which is to accumulate th 
charges before, any discharge takes place. These jars at 
separately depicted in Fig. 38. Without, them, th 
discharges between the knobs take place in frequeii 
thin blue sparks. With them the sparks are let- 
numerous, but very brilliant and noisy. 

To use the Toe pier (Voss) machine first see that all th 
four brushes are so set as to mulct* good metallic cot 


neutralizing brashes are set so as to touch the carriers 
while under influence. Then see that the discharging 
knobs are drawn widely apart. Set the machine in 
rotation briskly. If it is clean it should excite itself 
after a couple of turns, and will emit a gentle hissing 
sound, due to internal discharges (visible as blue glimmers 
in the dark), and will offer more resistance to turning. 
If then the knobs are pushed nearer together sparks will 
pass across between them. The jars (the addition of 
which we owe to Holtz) should be kept free from dust. 
Sometimes a pair of terminal screws are added at S x , S 2 
(Fig. 38), connected respectively with the outer coatings 
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of the jars. These are convenient for attaching wires to 
lead away discharges for experiments at a distance. If 
not so used they should be joined together by a short 
wire, as the two jars will not work properly unless their 
outer coatings are connected. 

52. Wimshurst’s Influence Machine. — In this, 
the most widely used of influence machines, there are 
no fixed field-plates. In its simplest form it consists 
(Fig. 39) of two circular plates of varnished glass, which 
are geared to rotate in opposite directions. A number 
of sectors of metal foil are cemented to the front of the 

front nlate. and to tho ha.olr nf fhp ‘hsmlr -nlo+ci . fKnoa 


the front is fixed mi uninsulated diagonal conductor, 
carrying at its ends neutralizing brushes, which touch 
the front sectors as they pass. Across the bade, but 
sloping the other way, is a second diagonal conductor, 
with brushes that touch the sectors on the hinder plate. 
Nothing more than this is needed for the machine to 
excite itself when set in rotation ; but for convenience 


some times a pair of Leyden jars are added, to prevent the 
sparks from passing until considerable quantities of charge 
have been, collected. 

The processes that occur in this machine arc best 
explained by aid of a diagram (Fig. 40), in which, for 
greater clearness, the two rotating plates are represented 



Fig. 40. 


m though they were two cylinders of glass, rotating 
opposite ways, one inside the other. The inner cylinder 
will represent the front plate, the outer the back plate. 
In Figs. 39 and 40 the front plate rotates right- 
handedly, the back plate left- handed ly. The neutralize 


Now suppose any one of the back sectors represented 
near the top of the diagram to receive a slight positive 
charge. As it is moved onward toward the left it will 
come opposite the place where one of the front sectors is 
moving past the brush n r The result will he that the 
sector so touched while under influence by will acquire 
a slight negative charge, which it will carry onwards 
toward the right. When this negatively-charged front 
sector arrives at a point opposite n, t it acts inductively on 
the "back sector which is being touched by n ; , ; lienee 
this hack sector will in turn acquire a positive charge, 
which it will carry over to the left. In this way all 1,1ns 
sectors will become more and more highly eharge< I, till! 
front sectors carrying over negative charges from left to 
right, and the back sectors carrying over positive charges 
from right to left. At the lower half of the diagram a 
similar but inverse set of operations will be taking place. 
For when n x touches a front sector under the influence of 
a positive hack sector, a repelled charge will travel along 
the diagonal conductor to helping to charge, positively 
the sector which it touches. The front sectors, as they 
pass from right to left (in the lower half), will carry 
positive charges, while the hack sectors, after touching a >p 
will carry negative charges from left to right. Tint 
metal sectors then act both as carriers and as inductors. 
It is clear that there will he a continual carrying of 
positive charges toward the right, and of negative charges 
to the left. At these points, toward which the opposite, 
kinds of charges travel, are placed tlm collecting-comlm 
communicating with the discharging knobs. The latter 
ought to he opened wide apart when starting the machine, 
and moved together after it has excited itself. 

In larger Wimshurst influence machines two, three, 
or more pairs of oppositely- rotating plates are. mounted 
within a glass case to keep off the dust. If tin*, neutral- 



six or eight m'i om on eneh plate give longer f .pnrka, hut 
Josh frequently than tlnwc that Jmve a greater number* 
Mr. WimslmrHt him designed many iiifluouro machine^ 
from hi) ut 1 1 oih'k with diukn SJ huhon ueroen up to that 
at South Kensington, wliitdi has platen 7 fWt in diameter. 
Prior to WiimdmrHtV nmehiitc Holt/, hud eoimtrneted 
one with two oppositely rotating tli-kn : hut they 

had no motnl earners upon them. It wn« not self exciting 
53. Holtsfa Infhmnoo Mnohino. - The’ Holtz 
machine in its typical form hud the following peculiar- 
ities. Thorn wo tv no motnl curriers upon the rotating 
plain, honor another mode of charging it hml to ho 
adopted iu lion of touching 
comluotorH while under 
inlluonce, an will ho won, 

Tim iiehf plates A and H 
(Fig, 41) worn of varnished 
paper — a poor conductor 
“-“fuHtmu'd upon tho hark 
:>f tho fixed disk, fit the 
fixed dink of glass, on 
ivhicli tlm field phi tea worn 
mounted, there were rut 
iwo window** or ojiemngs, 
trough whieh there pro- 
acted from the. field- plates two pointed paper fnngues, 
vliich took the plnee of appropriating brushes, The 
liscliarging kuol.s were imvrtod in the neutralizing circuit 
rliieh united two metal combs with pointed spikes, 
ituated in front of the rotating front disk, opposite the 
wo field-platen, There win* (at tlr*|) no diagonal eon- 
.uctor. It will he noted that while the com bn, whieh 
:>m*a hath hh neutralizing mid collecting combs, were in 
•’ont of the rotating plate, the appropriating tongues 
'ere situated ut thn W4 nf ju« *»»,, A 1 



was used : first the two discharging knobs were put 
together, then the front disk wan set into rapid rotation. 
While bo rotating a small initial charge was cmnmuni- 
cated to one of the field-plates by holding to it a rubbed 
piece of ebonite or glass, or by sending into if a spark 
from a Leyden jar. Thereupon the machine charged 
itself, and began to emit pale blue sparks from the points 
of the combs and tongues with a bis-dug sound. On. then 
drawing apart the discharging knobs, a torrent of sparks 
rushed across. 

These arrangements being known, it is not- diilicult to 
follow the action of the maebine, provided if is once 
understood that the whole operation depends upon the 
circumstance that the Nurture of a non-conducting body 
such as glass can he electrified by letting ojf against it 
an electric wind from a point placed near it (see Art. 47), 
Suppose that a small initial 4* charge is given to A. This 
will operate by influence upon tin* metal parts imme- 
diately opposite it, and cause tin* spikes to become electri- 
fied negatively, and to give off a negatively electrified 
wind, which will charge the face of the rotating plate, 
these charges being then carried over to the other side, 
where the spikes of the other comb will be emitting a 
positively electrified wind. The. pointed tongues which 
project towards the back of the rotating disk also let off 
winds, the tendency being always fur them to charge the 
back of the plate with a charge of opposite sign from 
that which is coming toward them <m tin* front. If 
negative charges are. being carried over the top on the 
front, then the tongue of B will tend to let off a positive 
charge against the hack, thereby leaving B more negative. 
In the same way the tongue of A will let off a negatively 
electrified wind, making A more positive, ho building 
up or accumulating two opposite kinds of charges on 
the two field-plates. This action will not. occur unless 
the moving plate rotates in the direction utmusite to that 


The defects of the Holtz machine were that it was so 
sensitive to damp weather as to he unreliable, that it was 
apt suddenly to reverse its charges, and that the electric 
winds by which it operated could not be produced with- 
out a sufficiently great initial charge. 

In later Holtz machines a number of rotating disks 
fixed upon one common axis were employed, the whole 
being enclosed in a glass case to prevent the access of 
damp. A small disk of ebonite was sometimes fixed to 
the same axis, and provided with a rubber, in order to 
keep up the initial charge by friction. Holtz constructed 
many forms of machine, including one with thirty-two 
plates, besides machines of a second kind having two glass 
plates rotating in opposite directions. 

The Holtz machine, as indeed every kind of influence 
machine, is reversible in its action ; that is to say, that if 
a continuous supply of the two electricities (furnished by 
another machine) he communicated to the armatures, the 
movable plate will be thereby set in rotation and, if 
allowed to run quite freely, will turn in an opposite sense. 

Itighi showed that a Holtz machine can yield a 
continuous current like a voltaic battery, the strength of 
the current being nearly proportional to the velocity of 
rotation. It was found that the electromotive-force of a 
machine was equal to that of 52,000 DanielPs cells, or 
nearly 53,000 volts, at all speeds. The resistance when 
the machine made 120 revolutions per minute was 2810 
million ohms ; hut only 646 million ohms when making 
450 revolutions per minute. 

54. Experiments with Influence Machines. — 
The experiments described in Art. 43, and indeed all 
those usually made with the old frictional machines, 
including the charging of Leyden jars, can be performed 
by tiro aid of influence machines. In some cases it is 
well to connect one of the two discharging lmobs to the 


may be connected by giit.feipendia- covered wires U> tin* 
two discharging knobs, or to the terminals S p K., of 
Fig. 38. The curious property of the elect rie disehargu 
from a point in collecting dust or fumes is readily shown 
by connecting by a wire a needle which is introduced 
into a bell-jar of glass. The latter is tilled with fumes by 
burning inside it a bit of magnesium win* or brown 
paper. Then on turning the handle, of tin* influence 
machine the fumes are at once deposited, and the air left 
clear. 


Lesson VI . — The Leyden Jar and other ('amir users 

55. It was shown in previous lessons that, the opposite 
charges of electricity attract one another ; that electricity 
cannot flowthrough glass ; and that yet electricity can net 
across glass by inlluence. Two suspended pith-bulls, one 
electrified positively and the other negatively, will attract 
one another across the intervening air. If a plate of glass 
be put between them they will still attract one another, 
though neither they themselves nor the electric charges 
on them can pass through the glass. If a pith hall 
electrified with a “-charge be hung inside a dry glass 
bottle, and a rubbed glass rod be held outside, the pith- 
ball will rush to the side of the bottle nearest to tin* glam 
rod, being attracted by the 4* charge thus brought near it. 
If a pane of glass be taken, and a piece of tinfoil be stuck 
upon the middle of each face of the pane, and one piece 
of tinfoil be charged positively, and the other negatively, 
the two charges will attract one another across the glass, 
and will no longer be found to be free*. I f the pane is 
set up on edge, so that neither piece of tinfoil touches the 
table, it will be found that hardly any electricity can he 
got by merely touching either of the foils, for the charges 



found that these two pieces of tinfoil may be, in this 
manner, charged a great deal more strongly than either of 
them could possibly be if it were stuck to a piece of glass 
alone, and then electrified. In other words, the capacity 
of a conductor is greatly increased when it is placed near to a 
conductor electrified with the opposite hind of charge. If its 
capacity is increased, a greater quantity of electricity may 
be put into it before it is charged to an equal degree of 
potential. Hence, such an arrangement for holding a 
large quantity of electrification may be called a con- 
denser of electricity. 

56. Condensers. — Next, suppose that we have two 
brass disks, A and B (Fig. 42), set upon insulating stems, 
and that a glass plate is placed between them. Let B be 
connected by a wire 


to the knob of an 
electrical machine, 
and let A be joined 
by a wire to “earth” 
The + charge upon 
B will act induc- 
tively across the 
glass plate on A, 
and will repel elec- 
tricity into the earth , 




Fig. 42. 


leaving the nearest face of A negatively electrified. This 
— charge on A will attract the + charge of B to the side 
nearest the glass, and a fresh supply of electricity will come 
from the machine. Thus this arrangement will become a 
condenser. If the two brass disks are pushed up close to 


the glass plate there will be a still stronger attraction 
between the + and — charges, because they are now nearer 
one another, and the inductive action will be greater ; hence 
a still larger quantity can be accumulated in the plates. 
We see then that the capacity of a condenser is increased 
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disks arc drawn backwards from one another, the two 
charges will not hold one another bound ho strongly, and 
there will be more free electrification than before over t heir 
surfaces. This would be rendered evident to the experi- 
menter by the little pith-ball electroscopes fixed to them 
(see the Fig.), which would ily out as the brass* disks were 
moved apart. We have put no further charge on the 
disk B, and yet, from the indications of the electroscope, 
we should conclude that by moving it away from disk A 
it lias become electrified to a higher degree.. The fact is, 
that while the conductor B was near the — charge of A 
the capacity of B was greatly increased, but on moving it 
away from A its capacity has diminished, and lienee the 
same quantity of electricity now electrifies it to a higher 
degree than before. The presence, therefore, of an earth- 
connected plate near an insulated conductor memmen its 
capacity, and permits it to accumulate a greater charge 
by attracting and condensing the electricity upon the face 
nearest the earth-plate, the surface -density on this face 
being therefore very great ; hence the appropriateness of 
the term condenser as applied to the arrangement. I f was 
formerly also" called an accumulator ; but the term 
accumulator is now reserved for the special kind of battery 
for storing the energy of electric currents (Art. 492). 

The stratum of avr between the two disks will suffice 
to insulate the two charges one from the other. The 
brass disks thus separated by a stratum of air constitute 
an air- condenser, or air-leyden. Butdi condensers 
were first devised by Wilcke and Aepimm. In these 
experiments the sheet of glass or layer of air acts as a 
dielectric (Art. 295) conveying the inductive action through 
its substance. All dielectrics are insulators, but equally 
good insulators are not necessarily equally good dielectrics. 
Air and glass are far better insulators than ebonite nr 
paraffin in the sense of being much worms conductors. 



>etter still across these than across a layer of air. 
>ther words, glass is a better dielectric than ebonite, 
mraffin, or air, as it possesses a higher inductive capacii 
It will then be seen that in the act of charging a cc 
lenser, as much electricity flows out at one side as fie 
.11 at the other. 

5*7. Displacement. — "Whenever electric forces act 
i dielectric, tending to drive electricity in at one side a 
out at the other, we may draw lines of force through 1 
dielectric in the direction of the action, and we may c 
sider tubular spaces mapped out by such lines. W e ja 
consider a tube of electric force having at one end 
definite area of the positively charged surface, and at 
other end an area of the negatively charged surfs 
These areas may be of different size or shape, but 
quantities of + and — electrification over them will 
equal. The quantity of electricity which has apparea 
been transferred along the tube was called by Maxi 
cc the displacement” In non-conductors it is proportii 
to the electromotive-force. In conductors electronic 
forces produce currents, which may be regarded 
displacements which increase continuously with t 
In certain crystalline media the displacement does 
take place exactly in the direction of the electric fo 
in this case we should speak of tubes of influence is 
than tubes of force. A unit tube will be bounded i 
two ends by unit charges 4- and — . W e may conside: 

whole electric field between positively and negati 
charged bodies as mapped out into such tubes. 

58. Capacity of a Condenser. — It appears, tl 
fore, that the capacity of a condenser will depend up 

(1) The size and form of the metal plates or coat! 

(2) The thinness of the stratum of dielectric bet 

them ; and 

(3) The dielectric capacity of the material. 

m"u t on .Tar — The Levdsii «T nr* called 


condenser. It usually consists <Fig. Hi.* of a glass jar 
coated up to a certain height on tin* inside and outside 
with tinfoil. A brass knob fi xt*» i on tin* uml of a stout 
brass wire passes downward through a lid or top of dry 
wall varnished wood, and eommuuieates b\ a loose bit of 
brass chain with tin* ium*r enutiug of foil. To charge ilia 
jar t he knob is hold to tin* prime conductor of an electrical 

machine, tin* outer mating 
being either held in the hand 
or connected to u earth 1 ' by a 
wire or chain. When a *f 
(diarge of elect rieity is im- 
parted thus to tin* inner coat- 
ing, it uets. inductively on tlm 
outer routing, attracting a - 
charge into the face of the 
outer coating neared tin* glass, 
and repelling a {• charge to t ho 
outside, of the outer coating, 
and thence through the hand or wire to earth. After 
a few moments the jar will have acquired its full 
charge, the outer coating being - and the innerd*. If 
the jar is of good glass, and dry, ami free from dust, it 
will retain its charge, for many hours or days. Hut if a 
path be provided by which the two mutually attracting 
electricities can How to one another, they will do so, and 
tlie jar will be instantaneously discharged. If the outer 
coating he grasped with one. hand, and tin* knuckle of the 
other hand ho presented to tin* knob of tin* jar, a bright 
spark will pass between the. knob and the knuckle with a 
sharp report, and at the same moment a convulsive 
“shock” will bo communicated to the muscles of the 
wrists, elbows, and shoulders. A safer means of dis- 
charging the jar is afforded by the discharging 1 tongs 
or discharger (Fig. 44), which consists of a jointed brass 
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brought near the knob of the jar, and a bright snapping 
spark leaping from knob to knob announces that the two 
accumulated charges have flowed 
together, completing the discharge. 

Sometimes a jar discharges itself by 
a spark climbing over the top edge of 
the jar. Often when a jar is well 
charged a hissing sound is heard, due 
to partial discharges creeping over 
the edge. They can be seen in the 
dark as pale phosphorescent streams. 

60. Discovery of the Leyden 
Jar. — The discovery of the Leyden 
jar arose from the attempt of Mus- 
schenbroek and his pupil Cuneus * to 
collect the supposed electric “ fluid ” in a bottle half filled 
with water, which was held in the hand and was provided 
with a nail to lead the “ fluid ” down through the cork 
to the water from the electric machine. Here the water 
served as an inner coating and the hand as an outer 
coating to the jar. Cuneus on touching the nail received 
a shock. This accidental discovery created the greatest 
excitement in Europe and America. 

01. Residual Charges. — If a Leyden jar he 
charged and discharged and then left for a little time to 
itself, it will be found on again discharging that a small 
second spark can be obtained. There is in fact a 
residual charge which seems to have soaked into the 
glass or been absorbed. The return of the residual 
charge is hastened by tapping the jar. The amount of 
the residual charge varies with the time that the jar has 
been left charged ; it also depends on the kind of glass 
of which the jar is made. There is no residual charge 
discoverable in an air -ley den after it lias once been 
discharged. 





charged by a spark actually piercing the ghis 
a Toughened ” glass in lews easily pierced than ordinal' 
glass, and hence Leyden jars made of it may be mud 
thinner, and ho will hold a greater charge. To prevei 
jars from being pierced by a spark, the highest part < 
the inside coating should be connected across by a stri 


62. Batteries of Boy den Jars.- -A large Ley da 
jar will give a more powerful shock than a small one 
for a larger charge can be put into it ; its capacity i 
greater. A Leyden jar made of thin, glass has a greute 
capacity as a condenser than a thick one of the same size 
but if it is too thin it will be destroyed when powerful!; 


left a long span* of vurnWuul glass above the top of the 
coatings. 

If it in desired to accumulate a vary groat charge of 
electricity, a number of jam must be employed, all their 
inner coatings being connected together, and all their 


outer routingH being united. Thin arrangement in nailed 
a battery* of Loyden jam, or Leyden battery (Fig. 4f>). 
Ah it ban a largo capacity, it will mjttire a large* quantity 
of electricity to elmrge it fully. When eharged it pro 
duecH very powerful effects j its spark will pieree glass 


readily, and every nun* must bo 
taken to avoid a shock from it 
passing through the person, an it 
might be fatal. The * 4 Univemul 
.Discharger ” an employ t*d with the 
Leyden battery is shown at the 
rigid of the figure. 

63. Seat of the Charge.- 
Benjamin Franklin discovered that 
the charges of the Leyden jar really 
reside on the mtrfaeu of the glass, 
not on the metal lie coatings. Thin 
he proved by moan# of a jar whoso 
coatings could be removed (Fig. 4 ( 1 ). 
Thejax" was charged and placed upon 
an insulating stand. The inner 
coating was then lifted out, and 
the glass jar was then taken out 
of the outer coating. Neither 
coating was found to be eler trilled 
to any extent, but on again putting 
the jar together it wan found to 
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be highly eharged. The charges bad ail the time 


remained upon the inner and outer surfaces of the glass 

/Tlml/M'f »*»#* 


an important part in tin* phenomena. It is umv known 
that nil dielectrics across which inductive notions are ul 
work suv. thereby sfmnto/.* Inasmuch uh n good varmni: 
is si good dielectric, it is eh*ar that it is not necessari!) 
the material particles of tin* dielectric substance Unit an 
thus alleeted ; horns* it is believed that electrical pheno- 
mena suv. dm* to stresses surd strains in the so- called 
“ether,” tin* thin modimu pervading all matter and all 
space, who>o highly elastic constitution enables it to com 
vey to us tin* vibration* <»f light though it is millions o| 
times loss dense than air. As tin* particles of bodies an 
intimately surrounded by othor, tin* strains of tho ethei 
arts also rommunioatod to tin* particles of bodies, and tlu*v 
too stiller a strain. Tin* glass hofwoon tin* two coating* 
of tinfoil in tin* Leyden jar is aehudly si mined or 
squeezed, then* being a tension along the lines of electric 
force. When an insulated charged ball is bung up in n 
room an equal amount of the opposite kind of charge k 
attracted to the inside of the walls, and the, air between 
the ball ami the walls is strained (electrically) like tin 
glass of the Leyden jar. If a Leyden jar is made of thin 
glass it may give way under the stress ; ami when n 
Leyden jar is discharged the layer of air between tin 
knob of the jar and the. knob of the discharging tongs it 
more and more strained as they an* approached toward* 
one another, till at last the stress becomes too great, and 
the layer of air gives way, and is “perforated” by tin 
spark that discharges itself across. The existenee of sued 
stresses enables ua to understand the residual charge o 
Leyden jars in which tin* glass does not recover itself all 
at once, by reason of its viscosity, from the strain t< 
which it has been subjected. It must never be for- 
gotten that ©leotrio fore© acta aoro«s apnea in con 
sequence of the tranaminnion of BtrcHSca and 


* In tim exact *rit>»mt a strain mrtuix tm nU«*rnti<*n **f form <*»* 


strains in the medium with which space is 
filled. lit every rune we store not electricity Imt cam///. 
Work is done in pushing electricity from one. place to 
anotlior against the forces which tend to oppose the move- 
ment. The charging of a Leyden jar may he likened 
to the operation of bending a spring, or to pumping 
up water from a low level to a high one. In charging 
a jar wo pump exactly m much electricity out of the 
negative side an we pump into the positive wide, and we 
spend energy in ho doing. It in thin stored energy which 
afterwards reappears ill the discharge. 


Lkshon VI l ,—oth*r Sourer* <>f Kltrlrijicatim, 

65. It was remarked at the. close of Lennon I. (p. Id) 
that friction wan hy no means tin* only source of 
electricity. Some of the other sources will now he 
named. 

66. PorcuHsion. A violent blow struck hy one 
substance upon another produccK opposite electrical states 
on the two surfaces. It in possible indeed to draw up a 
list resembling that of Art. 0, in such an order that each 
substance will take a H- charge on being struck with one 
lower on the list, 

67. Vibration. Volpicelli showed that vibrations 
set up within a rod of metal coated with sulphur or 
other insulating substance, produced a separation of 
electricities at the surface separating the metal from the 
non-conductor, 

68. Disruption and Oloavogfcv If a card he 
tom asunder in the dark, 8jwu‘ks are seen, and the 
separated portions, when tented with an electroscope, will 
he found to he electrical. The linen faced with paper 
used in making strong envelopes and for paper collars, 
ulimvM flim vim'V well. Lumen of mu ear. crunched in the 



Tlie sudden cleavage of a sheet of mica also produces 
sparks, and both laminae are found to be electrified. 

69. Crystallization and Solidification.— Many 
substances, after passing from the liquid to the solid 
state, exhibit electrical conditions. Sulphur fused in a 
glass dish and allowed to cool is violently electrified, as 
may be seen by lifting out the crystalline mass with, a 
glass rod. Chocolate also becomes electrical during 
solidification. When arsenic acid crystallizes out from 
its solution in hydrochloric acid, the formation of each, 
crystal is accompanied by a flash of light, doubtless due 
to an electrical discharge. A curious case occurs when 
the sulphate of copper and potassium is fused in a 
crucible. It solidifies without becoming electrical, but 
on cooling a little further the crystalline mass begins to 
fly to powder with an instant evolution of electricity. 

70. Combustion. — Volta showed that combustion 
generated electricity. A piece of burning charcoal, or a 
burning pastille, such as is used for fumigation, placed 
in connexion with the knob of a gold-leaf electroscope, 
will cause the leaves to diverge. 

71. Evaporation. — The evaporation of liquids is 
often accompanied by electrification, the liquid and the 
vapour assuming opposite states, though apparently only 
when the surface is in agitation. A few drops of a 
solution of sulphate of copper thrown into a hot 
platinum crucible produce violent electrification as they 
evaporate. 

72. Atmospheric Electricity. — The atmosphere 
is found to be always electrified relatively to the earth : 
this is due, in part possibly, to evaporation going on 
over the oceans. The subject of atmospheric electricity 
is treated of separately in Lesson XXV. 

73. Pressure. — A large number of substances when 
compressed exhibit electrification on their surface. Thus 
cork becomes -f- when pressed against amber, guttapercha. 



against spars and animal substances. Peolet found tlie 
degree of electrification produced by rubbing two sub- 
stances together to lie independent of the pressure and of 
the size of the surfaces of contact, but depended upon the 
materials and on the velocity with which they moved 
over one another. 'Rolling contact and sliding friction 
produced equal e fleets. 

74. Pyro-electricity. — There are certain crystals 
which, while being heated or cooled, exhibit electrical 
charges at certain regions or poles. Crystals thus 
electrified by heating or cooling arc said to be pyro- 
electric. Chief of these is the Tourmaline, whose 
power of attracting light bodies to its ends after being 
heated has been known for some centuries. It is alluded 
to by Theophrastus and Pliny under the name of Lapis 
Lyncurius. Tourmaline is a hard mineral, semi-trans- 
parent when cut into thin slices, and of a dark green 
or brown colour, but looking perfectly black and opaque 
in its natural condition, and jiosaessing the power of 
polarizing light. It is usually found in slightly irregular 
three-sided prisms which, when perfect, are pointed at 
both ends. It belongs to the “ hexagonal ” system of 
crystals, hut is only hemihedral, that is to say, has the 
alternate faces only developed. Its form is given in Fig. 
47, where a general view is first shown, the two ends A 
and R being depicted in separate plans. These two ends 
differ slightly in shape. Each is made up of three sloping 
faces terminating in a point. But at A the edges between 
these faces run down to the corners of the prism, while 
in B the edges between the terminal faces run down to 
the middle points of the long faces of the prism. The 
end A is known as the analogous pole, and B as the 
antilogous pole. While the crystal is rising in 
temperature A exhibits 4* electrification, B - ; but if, 
after having been heated, it is allowed to cool, the 


temperature is steady no such electrical effects are 
observed either at high or low temperatures ; and the 
phenomena cease if the crystal be warmed above 150° C. 
This is not, however, due to the crystal becoming a con- 
ductor at that temperature ; for its resistance at even 
higher temperatures is still so great as to make it 
practically a non-conductor. A heated crystal of tour- 
maline suspended by a silk fibre may be attracted and 
repelled by electrified bodies, or by a second heated 
tourmaline ; the two similar poles repelling one another, 
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Fig. 47. Fig. 48. 


while the two poles of opposite form attract one another. 
If a crystal be broken up, each fragment is found to 
possess also an analogous and an antilogous pole. 

Many other crystals beside the tourmaline are more 
or less pyro-electric. Amongst these are silicate of zinc 
(“ electric calamine ”), boracite, cane-sugar, quartz, tartrate 
of potash, sulphate of quinine, and several others. Boracite 
crystallizes in the form shown in Fig. 48, which represents 
a cube having four alternate corners truncated. The 
corners not truncated behave as analogous poles, the 
truncated ones as antilogous. When a natural hexagonal 
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75. Pieso-eleatrioity.- - I n certain crystals pressure 
in a particular directum may produce electrification. 
Hatty found that a crystal of cale-spar pressed Itetvveen the 
dry linens ho as to compress it along tin* blunt edges of 
the crystal, heeame electrical, and that it retained its 
electricity for noun* days. lie even proponed to employ a 
squeezed suspended crystal an an electroscope. A similar 
property in alleged of mien, 
topaz, and iluorspar. If two 
opposite edges of a hexagonal 
prism of quartz are prewd JL 

together, one becomes f , the A; , 
other — . Pressure also pro- 1 
(luces opposite kinds of eleetri- 
llcatiou at opposite ends of a 
crystal of tourmaline, and of 
other crystals of t he churn 
already noticed as possessing 
the peculiarity of skew sym- 
tnetry or hem ih wiry in their 
structure. /fe»* vleetrinty in 
the name given to thin branch 
:)f the science. It in known 
hat skew-symmetry of atme, 

;uro is dependent on molecular 
jonstitution ; and it in doubt 
m the same peculiarity xvliiel* 
letermiucH the pyro electric 
aid piezo-electric properties, 
is well as the optical behaviour 
>f these crystals in polarized 
ight. 

70. Animal Bteotrioifcy, 

— Several species of c real urea 
nhahitim/ the wufti* Imvit ( 
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KTiROTUTriTY AND MAGNETISM 


VMVV X 


tfilurw, The Baia Torpedo,* or ri^. my, of which 
there are three species inhabiting the Mediterranean ami 
Atlantic, is provided with an electric organ on the hack 
of its head, as shown in Fig. 4th This organ consists of 
lamina* composed of polygonal colls to the number of 800 
or 1000, or more, supplied with four large bundles of 
nerve fibres ; the under surface of the fish is , the upper 
4-. In tin* Gymnotus eloctrieus, or Surinam eel 
(Fig. 50), the electric organ goes the whole length of the 
body from tail to head, Humboldt gives a lively account 



m*. 


of the combats between the electric eels and the wild 
horses, driven by the natives into the swamps inhabited 
by the Gym not us. It is able to give a most terrible 
shock, and is a formidable antagonist when it has attained 
its full length of 5 or (1 feet. In the Sllurua the 
current flows from head to tail 

Mobil i, Matteucci, and others, have shown that nerve* 
excitations and muscular contractions of human being* 
also give rise to feeble, discharges of electricity. 

77. Electricity of Vegetables. Huff thought la 
detected electrification produced by plant life ; the root* 
and juicy parts being negatively, and the leaves post 
lively, electrified. The subject has, however, been litth 
investigated. 


* It. is a curious noiut Hint the Arabian mono for the torm-Un, nuad 


78. Thermo-electricity. — Heat applied at tlie 
junction of two dissimilar metals produces a flow of 
electricity across tlie junction. This subject is discussed 
in Lesson XXXY. on Thermo-electric Currents. 

79. Contact of Dissimilar Metals. — Yolta showed 
that the contact of two dissimilar metals in air produced 
opposite kinds of 
electrification, one 
becoming positively, 
and the other nega- 
tively, electrified. 

This he proved in 
several ways, one of 
the most conclusive 
proofs being that 
afforded by his con- 
densing electroscope. 

This consisted of a 
gold-leaf electroscope 
combined with a 
small condenser. A 
metallic plate formed 
the top of the electro- 
scope, and on this 
was placed a second 
metallic plate fur- 
nished with a handle, and insulated from the lower one 
by being well varnished at the surface (Fig. 51). As the 
capacity of such a condenser is considerable, a very feeble 
source may supply a quantity of electricity to the con- 
denser without materially raising its potential, or causing 
the gold leaves to diverge. But if the upper plate be lifted, 
the capacity of the lower plate diminishes enormously, 
and the potential of its charge rises as shown by the 
divergence of the gold leaves.* To prove by the con- 
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densing electroscope that contact of dissimilar metals does 
produce electrification, a small compound bar made of 
two dissimilar metals — say zinc and copper — soldered 
together, is held in the moist hand, and one end of it is 
touched against the lower plate, the upper plate being 
placed in contact with the ground or touched with tlic 
linger. When the two opposing charges have thus 
collected in the condenser the upper plate is removed, 
and the diverging of the gold leaves shows the presence 
of a free charge, which can afterwards be examined to see 
whether it be + or - . Instead of employing the copper- 
zinc bar, a single voltaic cell may be connected by copper 
wires to the two plates. For a long time the existence of 
this electrification by contact was denied, or rather it was 
declared to he due (when occurring in voltaic combina- 
tions such as arc described in Lesson 
XIII.) to chemical actions going on 5 
whereas the real truth is that the 
electricity of contact and the chemical 
action are both due to molecular con- 
ditions of the substances which come 
into contact with one another, thouglx 
Fig. 52. we do not yet know the precise nature 

of the molecular conditions which give 
rise to these two effects. Later experiments, especially 
those made with the modern delicate electrometers 
of Lord Kelvin, put beyond doubt the reality of 
Volta’s discovery. One simple experiment explains 
the method adopted. A thin strip or needle of metal 
is suspended so as to turn about a point G . It is 
electrified from a known source. Under it are placed 
(Fig. 52) two semicircular disks, or half-rings of dissimilar 

becomes c< free ” when tlio top plate is lifted up ; the above is, liowevor, a 
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*nclnk Neither attracts or repel* l 1m* ele« h ided needle 
-tuiti.1 the two are brought into contact, or coitmrted by n 
third piece, of metal, when the needle itituiedijiiely turn*, 
txung attracted by the cmo that in ♦•l*** 1 tnlied, and 

repelled by the one that in elect rilied similar! v with itself 
80. Contact Series of Metals (in Air:*. V»«lt« 
found, moreover, that the dillVrenrvH of elertne pidenfud 
■between the different pair* of luetul* were not nil e*jui*l, 
'Thus, while seine anti lead wiv respectively I and t«» 
a slight degree, he fount! /in»* and ether to he reaper 
Lively *h and to it mueh greater degree. He \v m able 
to arrange the metala in a ncrics h«el» that each <»nr 
omnneratwl became positively electrified when placed m 
contact ia air with one he low it in the wriem Ti»»«»r 
in italics are uddci 1 from observation* made minv Vidtn'* 


time - 


t tin?! mu t tepjMj, 

AltujnmHM % Hilo*, 

/hie, t i*4.1 v 

b«'Uit, i'fttfuntDti 

Tin, tJuiphti*" {( 'at h*m ), 

Iron, 


Though Volta gave rough appro* i mat join*, the artisul 
numerical values of the differences of potcntiid in air for 
lilfewmt pair* of metals have only lately \mm nmmnml 
oy Ayrton and Perry, a few id wltnm* mml in ute talar 
ditod hem— 

tUftiMt’Itt'*' nf 

tviilt#), 


/due 

i ...» -i 
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The difference nf potential between zinc, and carbon 
is tile same as that obtained by adding the successive 
differences, or 1*09 volts.* Volta's observations may 
therefore be stated in tin* following generalized form, 
known as Volta’s Law. The dijlemiee. of ‘potential 
between any two ‘metals is equal to the sum of the differ- 
ences of potentials between the interim itaj metals in the 
contact-series. 

It is most important to notice that the order of the 
metals in tin*, contact-series in air is almost identical 
with that of the metals arranged according to their 
electro-chemical power, as calculated from their chemical 
equivalents and their heat of combination with oxygen 
(see Table, Art. 489). From this it would appear that 
the difference of potentials between a metal and the air 
that surrounds it measures the tendency of that metal 
to become oxidized by the air. If this is so, and if (as 
is the case) the air is a bad conductor while the. metals 
are good conductors, it ought to follow that when two 
different metals touch they equalize their own potentials 
by conduction but leave the films of air that surround 
them at different potentials. All the exact experiments 
yet made have measured the difference of potentials not 
between the metals themselves, but between the air near 
one metal and that near another metal. It is certain 
that while in air iron is positive to copper, but in an 
atmosphere of sulphuretted hydrogen, iron is negative to 
copper. Mr. John Brown has lately demonstrated the 
existence on freshly -cleaned medal surfaces of films of 
liquid or condensed gases, and has shown that polished 
zinc and copper, when brought so near that their films 
touch, will act as a battery. 

81. Contact Actions. -A difference of potential is 
also produced by the contact of two dissimilar liquids with 
one another. 


A liquid <0)d a metal m contact will* mm aiu 'liter nhm 
exhibit a diHoreuro of potential, and it the sm-fid tend** 
to dissolve into the liquid chemically there will he ait 
electromotive force acting from the tie tat toward the 
liquid. 

The thermo-electric dilferenee of potential «t a june 
tion of two metals is n true mutant ddlejvu* e. It *» 
measured by the amount of heat produced ,«r»» t'dhn 
effect, Art. d w JO) by passing a current of electricity m tie* 
reverse direction through tin* junction. 

A hot metal placed in contact with a » ?>/ pircn of 
the same metal also produces a difference of poRnfuil, 
electrical separation taking place «cr«e«* the mills* r n| 
contact. 

Lastly, it has been shown i*\ l’r«»fevsor J, d Thomson 
that the surface of contact between two mm r.mdmlmg 
substances, such as scaling wax and gh»>*, t « the mil «»f a 
permanent difference of potentials. 

82. Magneto-ekjotHoi ty, Klee trie current* flew 

ing along in wires can be obtained from by 

moving closed conducting circuits in their neighbour 
hood. This source is dealt with in Art he, won 

XVIII. 

83, Summary. — ■ We have seen It* the preceding 
paragraphs how almost all conceivable agencies tmy j»r« 
duco electrification in bodies. The mml important of 
these are friction, heat, chemical net ion, magnetism, and 
the contact of dissimilar substances. We noted ilmi the 
production of electricity by friction *lej« uded largely 
upon the molecular condition of the surfaces, We may 
hero add that the difference of potentials* produced by- 
contact of dissimilar substances also varies with the 
temperature and with the nature of the tnwliuui (air, 
vacuum, etc.) in which the experiment.:?? are uncle.. 
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shapes, and vibrating with different velocities and with 
different forces. There are (see Art. 10) good reasons 
for thinking that the electricity of friction is really due 
to electricity of contact, excited at successive portions of 
the surfaces as they are moved over one another. But of 
the molecular conditions of bodies which determine the 
production of electrification where they come into contact, 
little or nothing is yet known. 



CHAPTER II 

MAGNETISM 

Lesson YIII . — Magnetic Attraction and Repulsion 

84. Lodestones or Natural Magnets. — Tlie 
name Magnet (. Magnes Lapis) was given by the ancients 
to certain hard "black stones found in various j>a-rts of 
the world, notably at Magnesia in Asia Minor, which 
possessed the property of attracting to them small pieces 
of iron. This magic property, as they deemed it, made 
the magnet-stone famous ; but it was not until the tenth 
or twelfth century that such stones were discovered to 
have the still more remarkable property of pointing 
north and south when hung up by a thread. This pro- 
perty was turned to advantage in navigation, and from 
that time the magnet received the name of Lodestone * 
(or “leading-stone”). The natural magnet or lodestone 
is an ore of iron, known to mineralogists as magnetite and 
having the chemical composition Ee 3 0 4 . This ore is 
found in quantities in Sweden, Spain, the Isle of Elba, 
Arkansas, and other parts of the world, though not 
always in the magnetic condition. It frequently occurs 



acquired the properties characteristic of the stone ; it 
will attract light bits of iron, and if hung up by a 

thread it will point 
north and south. 
Savery, in 1729, 
first showed how 
much more reten- 
tive of magnetism 
hardened steel is 
than mere iron. 
Figs. 53 and 54 
represent a natural 
lodestone and an artificial magnet of steel, each of which 
lias been dipped into iron-filings ; the filings are attracted 
and adhere in tufts. 

80. Writings of Dr. Gilbert. — This was nil, or 
nearly all, that was known of the magnet until 1(100, 
when Dr. Gilbert published a large number of magnetic 
discoveries in his famous work l)e Magnet#. He 
observed that the attractive power of a magnet appears 
to reside at two regions, and in a long- shaped magnet 
these regions, or poles, are usually at the ends (see Figs. 
53 and 54). The portion of the magnet which lies be- 
tween the two poles is apparently loss magnetic, and does 
not attract iron -filings so strongly ; and all round the 
magnet, halfway between the poles, there is no attraction 
at all. This region Gilbert called the equator of the 
magnet, and the imaginary line joining the poles he 
termed the axis. 

87. Magnetic Needle.— To investigate more fully 
the magnetic forces a magnetic needle is employed. 
This consists (Fig. 55) of a light needle cut out of steel, 
and fitted with a little cap of brass, glass, or agate, by 
means of which it can be hung upon a sharp point, so 
as to turn with very little friction. It is rendered 
magnetic by being rubbed upon a magnet ; and when 



position, or, as we should say, will set itself in tlie 
“magnetic meridian ” (Art. 151). The compass sold 
by opticians consists 


of such a needle 
balanced above a 
card marked with the 
“points of the com- 
pass.” 

88. Magnetic 
Attractions and 
Repulsions. — I f 

we take a magnet 
(either natural or 
artiiicial) in our hand 
and present the two 
“ poles ” of it succes- 
sively to the north- 
pointing end- of a 
magnetic needle, wo 
shall observe that 
one pole of the magnet attracts it, while the other repels 
it (Fig. 56). Repeating the experiment on the south- 

pointing end of 
the magnetic 
needle, we find 
that it is repelled 
by one pole and 
attracted by the 
other ; and that 
the same pole 
which attracts the 
north-pointing 
end of the needle 
repels the south- 
nointinjz end. 




Fig. 50, 
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previously been suspended, and which has its north-point- 
ing end marked to distinguish it trout the south-pointing 
end, we shall discover that the N-pointing polo repels 
the N-pointing pole, and that the 8- pointing polo repels 
the S-pointing pole ; but that a N-pointing polo attracts 
and is attracted by a tt-poiutiug pole. 

89. Two Kinds of Magnetic Polos. • There would 
therefore appear to he two opposite hinds of magnetism, 
or at any rate two opposite kinds of magnetic poles, 
which attract or repel one another in very much the 
same fashion as the two opposite kinds of electrification 
do ; and one. of these, kinds of magnetism appears to have 
a tendency to move toward the norih and the. other to 
move toward the. south. It. has been proposed to call 
these two kinds of magnetism “north-seeking magnet- 
ism ” and “south-seeking magnetism ”, hut for our purpose 
it is sufficient to distinguish between the two kinds of 
poles. In common parlance, the poles of a magnet are 
called the “North Pole” and “South Pule” respectively, 
and it is usual for the makers of magnets to mark the 
N-pointing pole with a letter N. It is therefore some- 
times called the “ marked ” pole, to distinguish it from 
the 8-pointing or “unmarked” pole. We shall, to 
avoid any doubt* call that pole of a magnet which would, 
if the magnet were suspended, tend to turn to the north, 
the “North-seeking” pole, and the other the “ Houth- 
seeking” pole. 

We may therefore sum up our observations in the con- 

* It is necessary to ho precise on this point , as there is Heme confusion 
in the existing text-books. The cause of the confusion is this :•* If Uio 
north-pointing polo of a needle is attracted by magnetism residing near the 
North l*ole of the earth, the law of attraction filial ituUhr valets attract) 
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cise statement : Like magnetic poles repel one another ; un- 
like poles attract one another. This we may call the first 
law of magnetism. As with the electric attractions and 
repulsions of rubbed bodies, so with these magnetic 
attractions and repulsions the effects are due, as we shall 
see, to stresses in the intervening medium. 

90. The two Poles inseparable. — It is impossible 
to obtain a magnet with only one pole. If we magnetize 
a piece of steel wire, or watch spring, by rubbing it with 
one pole of a magnet, we shall find that still it has two 
poles — one N-seeking, the other S-seeking. And if we 
break it into two parts, each part will still have two poles 
of opposite kinds. 

91. Magnetic Force. — The force with which a 
magnet attracts or repels another magnet, or any piece of 
iron or steel, we shall call magnetic force. * The force 
exerted by a magnet npon a hit 
of iron or on another magnet is 
not the same at all distances, the 
force being greater when the 
magnet is nearer, and less when 
the magnet is farther off. (See 
Art. 128, on laws of magnetic 
force.) 

Whenever a force acts thus between two bodies, it acts 
on both of them, tending to move both. A magnet will 
attract a piece of iron, and a piece of iron will attract a 
magnet. This was shown by Sir Isaac Newton, who 

then a difficulty. The Chinese and the French call the N-pointing pole 
of the needle a south pole, and the S-pointing pole a north pole. Lord 
Kelvin also calls the N-pointing pole a “ True South ” pole. But common 
practice goes the other way, and calls the N-pointing pole of a magnet its 
“North” pole. For experimental purposes it is usual to paint the two 
poles of a magnet of different colours, the N-seeking pole being coloured 



fixed a magnet upon a piece of cork ami floated it in a 
basin of water (Fig. 57), and found that it moved across 
the basin when a piece of iron was held near. A com- 
pass needle thus floated turns round and points north and 
south ; hut it does not rush towards the north as a whole, 
nor towards the south. The. reason of this will be ex- 
plained later, in Art. 120. 

Gilbert suggested that the force, of a magnet might be 
measured by making it attract a piece of iron hung to 
one arm of a balance, weights being placed in the, scale- 
pan hanging to the other arm ; and he found, by hanging 
the magnet to the balance and placing the iron beneath 
it, that the effect produced was the same. The action 
and reaction are then equal for magnetic forces. 

92. Magnetic Substances.- A distinction was 
drawn by Gilbert between magnets and magnetic substances. 
A magnet attracts only at its poles, and they possess 
opposite properties. But a lump of iron will attract 
either pole of the magnet, no matter what part of the 
lump be presented to the magnet. It has no distinguish- 
able fixed “ poles/’ and no magnetic “equator.” A true 
magnet lias poles, one of which is repelled by the pole of 
another magnet. 

93. Other Magnetic Metals.— Later experimenters 
have extended the list of substances which are attracted 
by a magnet. In addition to iron (and steel) the follow- 
ing metals are recognized as magnetic - 

Nickel, Chromium, 

» Cobalt, Cerium, 

and a few others. But only nickel and cobalt are at all 
comparable with iron and steel in magnetic power, and 
even they are very far inferior. Other bodies, sundry 
salts of iron and other metals, paper, porcelain, and 
oxygen eras, are also very feebly attracted by a powerful 



bismuth, antimony, phosphorus, and copper, are apparently 
repelled from the poles of a magnet. Such bodies are 
called diamagnetic bodies ; a fuller account of them will be 
found in Lesson XXIX. 

95. The Earth a Magnet. — The greatest of 

Gilbert’s discoveries was that of the inherent magnetism 
of the earth. The earth is itself a great magnet , whose 

“ poles ” coincide nearly, but not quite, with the 

geographical north and south poles, and therefore it 
causes a freely-suspended magnet to turn into a north- 
and-south position. Gilbert had some lodestones cut to 
the shape of spheres to serve as models of the globe of 
the earth. Such a globular magnet he called a terrella. 
He found that small magnets turned toward the poles 
of the terrella, and dip, as compass-needles do, toward 
the earth. 

The subject of Terrestrial Magnetism is treated of in 
Lesson XII. It is evident from the first law of mag- 
netism that the magnetic condition of tbe northern 

regions of the earth must be the opposite to that of the 
north-seeking pole of a magnetized needle. Hence arises 
the difficulty alluded to on page 92. 

96. Induction of Magnetism. — Magnetism may 
be communicated to a piece of iron without actual contact 



Pig. 58. 

with a magnet. If a short, thin unmagnetized bar of 
iron be placed near some iron filings, and a magnet be 
brought near to the bar, the presence of the magnet will 
induce magnetism in the iron bar, and it will now attract 
the iron filings (Fig. 58). This inductive action is very 


an electrified one. The analogy, indeed, goes further 
than this, for it is found that the iron bar thus magnetized 
by induction will have two poles ; the pole nearest to the 
pole of the inducing magnet being of the opposite kind, 
while the pole at the farther end of the bar is of the same 
kind as the inducing pole. Those bodies in which a 
magnetizing force produces a high degree of magnetization 
are said to possess a high permeability. It will be shown 
presently that magnetic induction takes place along 
certain directions called lines of magnetic induction , or lines 
of magnetic force, which may pass either through iron and 
other magnetic media, or through air, vacuum, glass, or 
other non -magnetic media: and, since induction goes 
on most freely in bodies of high magnetic permeability, 
the magnetic lines are sometimes (though not too ac- 
curately) said to “ pass by preference through magnetic 
matter,” or, that “magnetic matter conducts the lines of 
force.” 

97. Attraction across Bodies. — If a sheet of glass, 
or wood, or paper, be interposed between a magnet and 
the piece of iron or steel it is attracting, it will still 
attract it as if nothing were interposed. A magnet sealed 
up in a glass tube still acts as a magnet. Lucretius found 
a magnet put into a brass vase attracted iron filings 
through the brass. Gilbert surrounded a magnet by a 
ring of flames, and found it still to be subject to magnetic 
attraction from without. Across water, vacuum, and all 
known substances, the magnetic forces will act ; with tho 
single apparent exception, however, that magnetic force 
will not act across a screen of iron or other magnetic 
material, if sufficiently thick. If a small magnet is sus- 
pended inside a hollow ball made of iron, no outside 
magnet will affect it, the reason being that the magnetic 
lines of force are conducted off laterally through the iron 
instead of penetrating through it. A hollow shell of 



Fig. 50 illustrates the way in which u cylinder »4 
iron sliiclds the space interior to it from the intlncm*’ *4 
an external. magnet. A rnm pans needle placed nf I* tn»»«le 
the cylinder in not affected by the [iW'iitv *4 the ma^ftef 
outside, for its linen of magnetic force are drawn *»lt 
latex-ally, Similarly a magnet immle m idimldrd ln*m 
affecting outside. space. 

Although magnetic induet ion taken place at « dotamv 
across an intervening layer of air, glass, * *r vueuutu, fhme 
is no doubt that the intervening medium h duvet h «•*»«* 
corned in the transmission of the magneto form, thuiigh 



tire true medium is probably the 14 etlmr " nf *| mm sur- 
rounding the molecules of matter, not tlm 
themselves. 

We now can see why u magnet whmild ultra*-! n tmi 
previously-magnetized piece of iron ; it !lr*t magneto* 
it by induction and then attracts it ; for tlm rod 

will have the opposite kind of magnetism induced in n # 
and. will he attracted with a force exceeding that with 
which the more distant end is repelled. Itiit tmimlmm 
precedes attraction . 

©8. Retention of Ma^notlmtlon, ^ Nt*t. »tl tmg- 
netic substances can become mapiefii jiertitfineiiilf 
Lodestone, steed, and nickel retain twmmtwnllv t W 
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retain magnetism imperfedly. The softer and purer a 
specimen of iron is, the more lightly is its residual mag- 
netism retained. The following experiment illustrates 

the matter: -Let a few pieces of iron rod, or a few soft 

iron nails he taken. If one of these (see. Fig. 00) he 
placed in contact with the pole of a permanent steel mag- 
net, it is attracted to if, and becomes itself a temporary 
magnet. Another bit of iron may then he hung to it, 
and another, until a chain of four or live pieces is built 
up. But if the steel magnet bo 
removed from tint top of the 
chain, all the rest drop off, and 
are found to he no longer mag- 
netic. A similar chain of steel 
needles may be formed, but they 
will retain permanently most of 
their magnetism. 

It will he found, however, that 
a steel needle is more d inbuilt to 
magnetize than an iron needle 
of the same dimensions. It is 
harder to get the magnetism into steel than into iron, 
and it is harder to get the magnetism out of steel than 
out of iron ; for the steel retains the magnetism once, 
put into it. This power of resisting magnetization or 
demagnetization is sometimes called conrm * force; a 
much better term, due to Earnout, is retentivity. 
The retentivity of hard-tempered steel is great ; that of 
soft wrought iron is very small. The harder the steed, 
the greater its retentivity. Form affects retentivity. 
Elongated forms and those shaped as closed or nearly 
closed circuits retain their magnetism better than short 
rods, balls, or cubes. 

99. Theories of Magnetism.— -Thu student will 



Fig. no. 


of phenomena are quite distinct. A positively electrified 
body does not attract cither the North-pointing or the 
South-pointing pole of the magnet an such ; in fact, if 
attracts either pole quite irrespective of its magnetism, 
iuat as it will attract any other body, There does exist, 
indeed, a direct relation between magnets and current* of 
electricity, as will he later explained. There is none 
known, however, between magnets and stationary charges 
of electricity. 

In many treatises it is the fashion to speak of a mag- 
netic fluid or fluids ; it is, however, ulmlutely certain 
that mayneMm is not a fluid, whatever else it may he. 
The term is a relic of bygone times. A magnet when 
rubbed upon apiece of steel magnetizes it mthoat giving up 
or losing any of its own waynetwm. A fluid cannot possibly 
propagate itself indefinitely without loss. The arguments 
to ho derived from the behaviour of a magnet on break” 
jug, and from other experiments narrated in Lesson X., 
are even stronger. No theory of magnetism will there- 
fore be propounded until those facts have been placed 
before the student, 


Lesson IX .— Methods of making Magnets 

100. Magnetization by Single Touch. It has 
been so far assumed that liars or needles of steed were 
to be magnetized by simply touching them, or stroking 
them from end to end with the polo of a permanent mag- 
net of lodestone or steel. In this case the last touched 
point of the bar will be a pole of opposite kind to that 
used to touch it ; and a more certain effect is produced If 
one pole of the magnet be rubbed cm one end of the steel 
needle, and the other pole upon the other end. There 
are, however, better wavs of maornetisinu a bar or needle. 


horizontally ; two bar magnets are then placed down upon 
it, their opposite poles being together. They are then 
drawn asunder from the middle of the bar towards its 
ends, and bark, several times. 

S The bar is then turned over, 

and the operation repeated, 
S c=^!=^=> N 2 taking rare to leave oil' at the 
F i g . on middle (see Fig. (51). The 

process is more elfeetual if the 
ends of the bar are meantime supported on the poles 
of other bar magnets, the poles being of the same names 
as those of the two magnets above them used for stroking 
the steel bar. 

102. Magnetization by Double Touch. Another 
method, known as double touch , dilfers slightly from that 


bust described. A piece of wood or cork is interposed 
between the ends of the two bar magnets employed, and 
they are then both moved lmtsk wards and forwards along 
the bar that is to be magnetized. By none of these 
methods, however, can a steel bar be magnetized beyond 
a certain degree of intensity. 

103, Forms of Magnets.— Natural magnets are 


usually of irregular form, though they are sometimes 
reduced to regular shapes by cutting or grinding. 
Formerly it was the fashion to mount them with soft 
iron cheeks or “ armatures ” to serve as pole-pieces. 

For scientific experiments bar magnets of hardened 
steel are commonly used ; but for many purposes the 
horseshoe shape is preferred. In the horse-shoe magnet 
the poles are bent round so as to approach one another, 
the advantage here being that so both poles can attract 
one piece of iron. The “ armature,” or u keeper,” as the 
piece of soft iron placed across the poles is named, is 
itself rendered a magnet by induction when placed across 
the poles ; hence, when both poles magnetize it, the force 


thin steel magnets are more powerful in proportion to 
tlieir weight Ilian thicker ouch. lienee it wan proponed 
by Soorcaby * to construct compound mtujuet^ consisting 
of thin lamiiuo of uteri separately magnetized, and after- 
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wards bound together in bundles (Fig. 02). These 
laminated magnets are more powerful than wimple barn of 
steel. Compound horse-shoe magnets are sometimes used r 
the plates separately magnetized are assembled as in 
Fig. 63. 

105. Magnetization derived from the Earth. 
-—The magnetism of the earth may be utilized where no 
other permanent magnet is available to magnetize a bar 
of steel. Gilbert states that iron bars set. upright for a 
long time acquire magnetism from the earth. if a steel 
poker bo held in the magnetic meridian* with the north 
end dipping down, and in this position be struck with a 
wooden mallet, it will be found to have acquired magnetic 
properties. All vertical iron columns in our northern 
latitudes are found to have their lower ends N poles 
and their Tipper ends K-poles. In Australia and the 
southern hemisphere the tops of iron columns are 
N-poles. Wires of steel suhjeeted to torsion, while in 
the magnetic meridian, are also found to be thereby 
magnetized. 

100. Magnetization after Heating 1 .-- Gilbert din- 
covered also that if a bar of steel be heated to redness, 
and cooled, either slowly or suddenly, while lying in the 
magnetic meridian, it acquires magnetic polarity, No 
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. property in acquired if it in cooled -v^iie lying 
west. It has been proponed to xn.a.W n 


li 

l west. It ban been proponent to ttxadk^' t^weirfuTnu 
h by placing hot barn of steel to oool ‘between 1 
08 of very powerful electromagnets ; a,ixd Oarre p- 
usd strong magnets of iron cant in xtxop^p^g lysing i**- 
ease magnetic*, field, 

107. Magnetization by Our*retx ts of* El< 

city.— A current of electricity caused to circulate h 
nil wire wound around a core of inoxx or stce i m 
,ize» it more powerfully than in of” tlio prccedi 

operations. In the c ase 0 f a soft ii 
core, it iH only a rrxa^xxet while i 
current continueH to flow. Such 
comhination iH termed art Elect: 
magnet; it is ftO .1 v described 
Lesson XXXI. depicts a co 

mon form of olwtromagnet having t 
coils of insulated oopp o:r wine won 
Fig. 64 , u i >tm bobbins that are placed upon ■ 
limbs of a soft iron core. The armat 
of soft iron of sufficient thickness. Steel bars n 
magnetized by drawing them over the poles of such 
ctromagnet while the latter is excited by the oirculat 
tho electric current. Elias of III aarlem proposed 
Lgnetize steel bars by passing thorn, through a w 
led up into a compact ring of many turns, throi 
dch a strong current was sent by a voltaic "battery. 

108. Hardening” and Tomperrim ^ of* Steel a 
agnets.— There arc two ways of hardening steel : 

suddenly cooling it from a bright red “temperature ; 
compressing it under hydraulic pressure while it ci 
•wly. If rods of steel arc heated Tbrillia,ntXy red, t 
m quenched in water, oil, or mercury, they beco 
ienaely brittle and gkm-hard. To temper hard si 

in /*n«i ii ** WJlTt ftfltlul ¥IAAt* On JJ ..11 ma*I 1. 



a blue tint, and is springy and flexible. Short bar mag- 
nets retain most magnetism if left glass-bard without 
tempering. But magnets whose length is more than 
twenty times their thickness retain more magnetism if 
tempered down to a straw or even to a blue tint. 

109. Destruction of Magnetism. — A steel mag- 
net loses its magnetism partially or wholly if subjected 
to rough usage, or if purposely hit or knocked about. 
Newly magnetized magnets lose more strength by rough 
treatment than those which have been long magnetized. 
A magnet loses its magnetism, as Gilbert showed, on being 
raised to a bright red heat. The slightest vibration will 
destroy any magnetism remaining in annealed soft iron. 

110. Magnets of Unvarying 1 Strength. — Ordi- 
nary steel magnets have by no means a permanent or 
constant magnetism. They soon lose a considerable per- 
centage of their magnetism, and the decay continnes 
slowly for months and years. Every shock or jolt to 
which they are subjected, every contact with iron, every 
change of temperature weakens them. Every time that 
the keeper is slammed on to a horse-shoe magnet it is 
weakened. For the purpose of making magnetic measure- 
ments, and for use as controlling magnets of galvano- 
meters, magnets are, however, required that shall possess 
the utmost constancy in their strength. Magnets of un- 
varying strength may be made by attention to the following 
points. Choose a form either of a nearly closed circuit or 
of a very long rod. Let the steel he hardened as mncli 
as possible (see Art 108 above), then placed in steam at 
100° for twenty or thirty hours or more. Then magnetize 
as fully as possible, and then heat again for five hours in 
steam* Magnets of a shape constituting a nearly closed 
circnit are more constant than short straight magnets. 

111. Effects of Heat on Magnetization. — If a 
permanent steel magnet be warmed by placing it in hot 
or boiling water, its strength will be thereby lessened, 



increases its strength. ( last iron ceases to he attracted 
hy a magnet at a bright red heat, or at a temperature of 
about 700° 0. Cobalt retains its magnetism at the 
highest temperatures. Chromium ceases to be. magnetic 
at about 500° O., and nickel at 350" 0. Manganese 
exhibits magnetic, attraction only when cooled to — 20° (1 
It lias therefore been surmised that, other metals would 
also become magnetic if cooled to a low enough tempera- 
ture. Trowbridge found seven; cooling to 100° below 
zero to destroy the magnetism of steel magnets; hut 
Dewar has observed that when cooled to near — 200" (A 
in liquid oxygen the magnetic properties of iron are 
nearly twice as high as at (>" The magnetic, metals at 
high temperatures do not become diamagnetic, hut are 
still feebly magnetic. 

112. Magnetic Saturation. A magnet to which 
as powerful a degree of magnetization us it can attain to 
has been given is said to be mturatrd, A recently mag- 
netized magnet will occasionally appear to he wiper- 
saturated , possessing even after the. application of the 
magnetizing force has ceased a higher degree, of magnetism 
than it is able to retain permanently. Thus a horse- 
shoe-shaped steel magnet will support a greater weight 
immediately after being magnetized than it. will do aftei 
its armature has been, once removed from its poles. 
Even soft iron after being magnetized retains a small 
amount of magnetism when its tempnrunj matjnetisia 1 m 
disappeared. This small remaining magnetic charge h 
spoken of as residual may net ism. 

113. Strength of a Magnet. The “ strength p of r 
magnet is not the same thing as its u lifting power.” lit 
lifting power is a very uncertain quantity depending not 
only on the shape of its polar surfaces, but on the shajit 
and quality of the mass of iron used as load, Douse- 
quently the “ strength ” of a magnet pole must he men* urn; 


anti B, whose strengths we compare hy milking thorn 
each net upon the N polo of a third magnet (l If the 
js[ pole of A repels 0 with twice an much ft are an that 
with which the N pule of B placed at tlm same distance 
would repel d, then wo .should my that tin* strength” 
of A wan twice that of R Another way of putting the 
matter in to nay that tlm “strength” of a pule in the 
amount of free magnet ism at that pole. By adopting the 
unit of strength of magnet poles m defined in Art. 141, 
we can express the strength of any pole in numbers an ho 
many “units” of strength. 

114. Lifting Power. The lifting power of a magnet 
(also called its portutirr force) depends both upon the 
form of the magnet and on it h magnetic strength, A 
horse-shoe magnet will lift a load threw or four times as 
great as a bar magnet of t he name weight will lift. A 
long bar magnet will lift more than a short Bar magnet 
of equal strength. A bar magnet with a rounded or 
chamfered end will lift mure than a similar Bar with a 
flat or expanded end, though both may ho equally 
strongly magnetised. Also the lifting power of a mag- 
net grows in a very curious and unexplained way hy 
gradually increasing the load on its armature day hy 
day until it hears a load winch at the outset it could not 
have done. Nevertheless, if the loud is so increased that 
the armature is torn otf, the power of the magnet falls 
at once to its original value. The attraction between a 
powerful electromagnet and its armature may amount to 
200 11m. per square inch, or 14,000 grammes per square 
centimetre (see Art. .*184). 8 mall magnets lift a greater 

load in proportion to their own weight than large ones,* 

* Bernoulli gavn tU« following ruin for Uiullug tin* lifting povwj* of a 
magnot wliuHtt weight wkh w : 


because the lifting power is proportional to the polar 
surface, other tilings being equal. Steel magnets seldom 
attain a tractive force as great as 40 lbs. per square inch 
of polar surface. A good steel horse - shoe magnet 
weighing itself 1 lb. ought to lift 2« r > lbs. weight. Sir 
Isaac Newton is said to have possessed a little lodestone 
mounted in a signet ring which would lift a piece of iron 
200 times its own weight. 


Lesson X . — Distribution of Magnetism 

115. Magnetic Field . — The space allround a, magnet 
■pervaded by the magnetic forces is termed, the u field ” of that 
magnet. It is most intense near the poles of the magnet, 
and is weaker and weaker at greater distances away. At 
every point in a magnetic, held the force, has a particular 
strength, and acts in a particular direction. It is pos- 
sible at any point in a magnetic, held to draw a line in 
the direction of the resultant magnetic force acting at that 
point. The whole held may in this way be mapped out 
with magnetic lines (Art. 110). For a horseshoe magnet 
the field is most intense between the two poles, and the 
lines of magnetic force, are curves which pass from 
one pole to the other across the field. A practical way 
of investigating the distribution of the magnetic lines 
in a field is given in Art. lit), under the. title, Mag- 
netic Figures.” When the armature, is placed upon the 
poles of a horse-shoe magnet, the force of the. magnet on 
all the external regions is weakened, for the induction 
now goes on through the iron of the. keeper, not through 
the surrounding space. In fact a closed system of magnets 
— such as that made by placing four bar magnets along 
the sides of a square, the N pole of one touching the 8 


pole of the next — has no external field of force. A ring 
of steel may thus be magnetized so as to have neither 
external field nor poles ; or rather any point in it may 
be regarded as a N pole and a S pole, so close together 
that they neutralize one another’s forces. 

That poles of opposite name do neutralize one another 
may be shown by the well-known experiment of hanging 
a small object — a steel ring or a key — to the N pole of 
a bar magnet. If now the S pole of another bar magnet 
be made to touch the first the two poles will neutralize 
each other’s actions, and the ring or key will drop down. 

116. Breaking- a Magnet. — We have already stated 
that when a magnet is broken into two or more parts, 
each is a complete magnet, possessing poles, and each is 
nearly as strongly magnetized as the original magnet. 



Fig. 65. 


Fig. 65 shows this. If the broken parts be closely joined 
these adjacent poles neutralize one another and disappear, 
leaving only the poles at the ends as before. If a magnet 
be ground to powder each fragment will still act as a 
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Fig. 66. 

little magnet and exhibit polarity. A magnet may there- 
fore he regarded as composed of many little magnets 
put together, so that their like poles all face one way. 

ftnclr cm n.rfcm cram ati f. in inrli in TTior ■frnm -nrTvicTi 




any part, one face of tin* fracture will present. uni 
poles, tlu*. other only S poles, 'Phis would be t run 
matter how small the individual purl Mrs. 

117. Normal Distribution. — In an ordinary 
magnet the poles are not quite at the ends of the 
but a little way from it ; and if ran be shown that ■ 
is a result of the. way in which the surface magnetim; 
distributed in the bar. A very long, thin, unifort 
magnetized bar has its poles at. the ends ; but in ordin 
thick magnets the “ pole ” occupies a considerable regi 
the “free magnetism” falling otf gradually from 
ends of the. hat*, lit each region, however, a point t 
bo generally determined at. which the resultant nmgm; 
forces act, and which may for most purposes be cousidci 
as the “ pole.” In certain eases <d irregular nmgneti 
tion it in possible to have oue or more poles bet.wti 
those at the ends. Buell poles are called conmiurnt p( 
(see Fig. 70). 

118. Lamellar Distribution of Magfnotisi 
Magnetic Shells. — V p to this point tlu* ordimi 
distribution of magnetism along a bar has been the or, 
distribution considered. It is theoretically possible 
have magnetism distributed over a thin sheet so that t 
whole of one face of the sheet shall have one kind 
magnetism, and the other face the other kind of magm 
ism ; such distribution is, however, unstable. If \ 
immense number of little magnets were placed togeth 
side by side, like the cells in a honeycomb, all with tlu; 
N -seeking ends upwards, and S-seeking ends downward, 
the whole of one face of the slab would be oue large tl 
N-seeking pole, and the other face S seeking. Such 
distribution as this over a surface or sheet is termed 
lamellar distribution, to distinguish it from the. urditm 
distribution along a line or bar, winch is termed, f 
distinction, the adenoidal, or circuital, distribute 
A lamcllarly magnetized magnet is sometimes spoken 


119. Magnetic Figures. — Gilbert showed* that if a 
sheet of paper or card be placed over a magnet, and iron 
filings are dusted over the paper, they settle down in 
curving lines, forming a magnetic figure, the general form 
of which for a bar magnet is shown in Fig. 67. The 
filings should be fine, and sifted through a bit of muslin ; 
to facilitate their settling in the lines, the sheet of paper 
should be lightly tapped. The figures thus obtained can 
be fixed permanently by several processes. The best of 
these consists in employing a sheet of glass which has 



been previously gummed and dried, instead of the sheet 
of paper ; after this has been placed above the magnet 
the filings are sifted evenly over the surface, and then 
the glass is tapped ; then a jet of steam is caused to play 
gently above the sheet, softening the surface of the gum, 
which, as it hardens, fixes the filings in their places. In- 
spection of the figure will show that the lines diverge 
nearly radially from each pole, and curve round to meet 
these from the opposite pole. Fig, 68, produced from a 
horse-shoe magnet, shows how the magnetic field is most 




intense between the poles, In; 
wide curves. Faraday, who 



Fig. 08 . 


spreads beyond them in 
mde a great use of this 
method of investigating 
the distribution of mag- 
netism in various a fields, ” 
gave to the lines the name 
o f lines of force. They 
represent, as shown by the 
action on little magnetic 
particles which set them- 
selves thus in obedience to 
the attractions and repul- 
sions in the field, the re- 
sultant direction of the 
forces at every point ; for 
each particle tends to as- 
sume the direction of the 
force jointly due to the 
simultaneous action of 


both poles ; hence the curves of tilings may be taken 
to represent visibly the in- 
visible lines of magnetic 
force.* Faraday pointed out 
that these “ lines of force” 
map out the magnetic field, 
showing by their position the 
direction of the magnetic 
force, and by their number 
its intensity. If a small N- 
seekingpole could be obtained 
alone, and put down on any 
one of these lines of force, it 
would tend to move along 

that line from N to S j a single S-seeking polo would 
* Or rather the component part of the magnetic force rasolviKl into the 




tend to move along the line in an opposite direction. In 
Pig. 69, which is the field about one end of a bar magnet, 
the magnetic lines are simply radial. Faraday also pointed 
out that the actions of attraction or repulsion, in the 
field are always related to the directions in the field of 
the magnetic lines. He assigned to these lines of force 
certain physical properties (which are, however, only true 
of them in a secondary sense), viz. that they tend to 
shorten themselves from end to end, and that they repel 
one another as they lie side by side. The modern way 
of stating the matter is, that in every magnetic field 
there are certain stresses, consisting of a tension along 
the lines of force, and a pressure across them. 

120. Consequent Poles. — The method of sprinkling 
filings may be applied to ascertain the presence of con- 
sequent poles in a bar of steel, the figure obtained re- 



Pig. To. 


sembling that depicted in Fig. 70. Such a state of things 
is produced when a strip of very hard steel is purposely 
irregularly magnetized by touching it with strong magnets 
at certain points. A strip thus magnetized virtually 
consists of several magnets put end to end, hut in reverse 
directions, NS, SN, etc. Consequent poles can also 
be produced in an electromagnet by reversing the direc- 
tion in which the wire is coiled around part of the core. 

1221. Fields mapped by Filings. — The forces 



producing attraction "between unlike poles, and repulsion 
"between like poles, are beautifully illustrated by the 
magnetic figures obtained in the fields between the poles 
in the two cases, as given in Tigs. 7 1 and 7 2. In Fig. 7 1 
the poles are of opposite kinds, and the lines of force 
curve across out of one pole into the other ; while in 



Fig. 71. Fig. 72. 


Fig. 72, which represents the action of two similar poles, 
the lines of force curve away as if repelling one another, 
and turn aside at right angles. 

122. Magnetic Writing. — Another kind of mag- 
netic figures was discovered by De Haldat, who wrote 
with the pole of a magnet upon a thin steel plate (such, 
as a saw-blade), and then sprinkled filings over it. The 
writing, which is quite invisible in itself, comes out in 
the lines of filings that stick to the magnetized parts ; 
this magic writing will continue in a steel plate many 
months. 

123. Surface Magnetization. — In many cases the 
magnetism imparted to magnets is confined chiefly to 
the outer layers of steel. If a short bar magnet be put 
into acid so that the outer layers are dissolved away, it 
is found that it has lost its magnetism when only a thin 
film has been thus removed. A short hollow steel tube 
when magnetized is nearly as strong a magnet as a solid 
rod of the same size. Long thin magnets, and those that 
are curved so as nearly to form a closed circuit, can be 
much more thoroughly magnetized. If a bundle of steel 

nlates are TY1 RCm et.i whilp. 'Tnnnnrl fnflraf.Ti at* if. will 





found that only tin* outer ones are strongly magnetized. 
The inner mirs may even exhibit a reversed magnetization, 

124. Mechanical Effects of Maifxiotisuiticm, 
Joules found an iron bar to increase by 7 ^ o*« 0 0 u ** 
length when strongly magnet i/rd. Hid well found that 
with nt.il 1 Htnmger magnetizing forces iron contracts again ; 
and rods stretched by a weight contract mure when 
magnetized than mist retched rods do. llarrett observed 
that nickel allows a slight eon trad ion when magnetized. 
These are proofs that magnetization in an action a dec ting 
the arrangement of tin* molecules, This supposition is 
continued by the observation of I ’age, that at the moment 
when a bar is magnetized or demngnet ized, a faint metallic 
clink is heard in the. bar. Sir \V, drove showed that 
when a tube containing water rendered nimbly by stirring 
up in it finely - divided magnetic oxide of iron was 
magnetized, the liquid became clearer in the direction of 
magnetization, the particles apparently setting thetmelve# 
emi-on, and allowing more light to pass between them. 
A twisted iron wire tends to untwist itself when magnetized, 
A piece of iron, when powerfully magnetized and de 
magnetized in rapid succession, grows hot, m if magnet i /a 
lion were accompanied by internal friction. 

125. Action of Miigrnoti»iw on Light.- Faraday 
discovered that a ray of polarized light pacing through 
certain substances in n powerful magnetic (b id him the 
direction of its vibrations changed. This phenomenon, 
which is sometimes railed n The Magnetization of Light,*' 
is better described ns “The Rotation of the Plane of 
Polarization of Light by Magnetism.’* The nmmmt of 
rotation dillem in different media, utid varies with the 
magnetizing force. More recently Kerr haw shown that 
a ray of polarized light in nU» rotated by rdlexion at the 
end or side of a powerful magnet, Further mention in 
made of 1,1 ie.se dimuiVeeicM in the t4iu.fit.it* #»n I** )<.<»< 1 


phenomena point to a theory of magnetism very different 
from the old notion of fluids. It appears that every 
particle of a magnet is itself a magnet, and tlmt the 
magnet only becomes a magnet as a whole by the particles 
being so turned as to point one way. The act of mag- 
netizing consists in turning the molecules more or less 
into one particular direction. This conclusion is supported 
by the observation that if a 
glass tube full of iron filings 
is magnetized, the filings can 
be seen to set themselves 
Fig. 73. endways, and that, when thus 

once set, they act as a magnet 
until shaken up. It appears to be harder to turn 
the individual molecules of solid steel than those of 
soft iron; but, when once so set, they remain end-on 
unless violently struck or heated. As 'Weber, who pro- 
pounded this notion of molecular magnetism, pointed out, 
it follows from this theory that when all the particles 
are turned end-on the limits of possible magnetization 
would have been 



attained. Some 
careful experi- 
ments of Beetz 
on iron deposited 
by electrolysis 
entirely confirm 
this conclusion, 
and add weight 



Fig. 74. 


to the theory. Fig. 73 may be taken to represent a non- 
magnetized piece of iron or steel in which the arrangement 
of the particles is absolutely miscellaneous : they do not 
point in any one direction more than another. When 


magnetized slightly, there will be a greater percentage 
pointing in the direction of the magnetizing force. When 


In very few cases, however, in the magnet i/ntiou 
uni form throughout the whole length *»f n lair: the 
particles are more fully completely turned into line ni 
the middle part of the bar than at the rutin. 

If the intrinsic magnetization of the steel at every part 
of a magnet were equal, the free poles would he found 
only at the end surfaces ; hut the fart that the free 
magnetism in not at tin* ends merely, hut dunmbhea from 
the ends towards the middle, shows that the intensity of 
the intrinsic magnetization must he l»**w* towards and at 
the ends than it in at the middle of the hnr. In Kig, 74 
an attempt in made to depict thin. It will he noticed 
that the magnetie linen run through the uteri and emerge 
into the air in curves, Some of tin* lines do not run all 
the length of the hur hut leak out at the widen. If the 
bar were uniformly mngneti/ed the lines would emerge 
at the endn only. It in clear that the middle piece in 
more thoroughly magnetized than any other part, 
Magnetism in fart emminta of a sort of grain or structure 
conferred upon the steel. Wherever thin structure comes 
up at a surface, there the surface properties of iimgmdiwm 
ur« found. A pole b simply a region where the magnetic 
lines pass through the surface of the steel or iron. 

The optical phenomena let! Clerk Maxwell to the 
further conclusion that these longitudinally set tmdeetden 
arc rotating round their long axes, and that in the •* ether 11 
of space there in also a vortical motion n!*»ng the line* of 
magnetic induction ; this motion, if occurring in a perfect 
medium (as the H ether M may ho considered^ producing 
tensions along the lines of the magnetic held, and promt res 
at right angles to them, would afford m mU*Uiv.U>ty 
planation of the magnetic attractions and re|»iil*imiii which 
apparently act arrow empty sjutee. 

Hughes, Barns, and other** have lately shown that the 


“magnetic balance” (Art. 140) tended to prove Unit each 
molecule of a magnetic metal ban an absolutely constant 
inherent magnetic polarity ; ami that when a piece of 
iron or steel is apparently neutral, its molecules are 
internally arranged ho an to satisfy each other’s polarity, 
forming closed magnetic circuits amongst themselves. 

127 . Ewing's Theory of Molecular Magnet- 
ism. — Weber supposed that then* was in hard steel some 
sort of friction which prevented the molecules when once 
magnetized from turning back into higgledy-piggledy 
positions. Ewing, however, showed that a complete, 
explanation was afforded by supposing the particles to he 
subject to mutual forces, in any group not subjected to 
an external magnetizing force the particles will arrange 
themselves bo as to satisfy one another's polarity. Of the 
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possible groupings some are, however, unstable. Four 
possible stable groupings of six pivoted needles are shown 
in Fig. 75. Ewing constructed a model consisting of a 
large number of pivoted magnetic needles arranged in 
one layer. When these needles were simply agitated ami 
allowed to come to rest they sett kid down in miscellaneous 
groups ; but when acted upon by a gradually increasing 
magnetic force they turned round, the operation showing 
three stages — (i.) with very small magnetizing force the 
needles merely turned through a small angle ; (ii.) when 
a certain force was applied the grouping*! became unstable. 




point nearly but not quite along the direction of tin* force ; 
(iii.) a further increase. of the magnetizing force cannot 
produce much more elfeet ; it can only pull .the needle 
a little more perfectly into line. All them* things corre- 
spond to the thm* singes observed (nee Art, IHM) in the 
gradual magnetization of iron or steel. 


TjKHHON XI. Lawn of Magnetic han't' 


128. Laws of Magnetic Force. 


First Law.* Like mujnetic jutis* repel one 

another; unlike waijnetic point attract tan 
another . 

Second Law. The force everted lot wren two 
mufnetir poles in proportional to the print ml 
of their stmajlh s, and is in ret schj proper 
tional to the square of the distance between 
them, provided that the distance is so ijreat that 
the poles mail he mjarded as mere points. 


129. The Law of Inverse Squares, 
of the above laws in commonly known us 
inverse squares ; it 
is essentially a law 
of point- action, 
and is not true for 
poles of elongated 
or extended sur- 
face. The similar 
law of electrical 
attraction has ah 



Tile second 
the law of 


7 * 



ready been explained and illustrated (Art, HI). Thin hw 
furnishes the explanation of a fact mentioned in an earlier 
lesson, Art. 91, that small pieces of iron are drawn I»*»*t$!y 


A of a magnet be brought near it, the iron is thereby 
inductively magnetized ; it turns round and points 
towards the magnet pole, setting itself as nearly as possible 
along a line of force, its near end b becoming a S-seeking 
pole, and its farther end a becoming a -seeking pole. 
Now the pole b will be attracted and the pole a will be 
repelled. But these two forces do not exactly equal one 
another, since the distances are unequal. The repulsion 
will (by the law of inverse squares) be proportional to 


; and the attraction will be proportional to 


1 
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Hence the bit of iron a, b will experience a jDair of forces, 
turning it into a certain direction, and also a total force 
drawing it bodily toward A. Only those bodies are 
attracted by magnets in which magnetism can thus be 
induced; and they are attracted only because of the 
magnetism induced in them. 

We mentioned, Art. 91, that a magnet needle floating 
freely on a bit of cork on the surface of a liquid is acted 
upon by forces that give it a certain direction, but that, 
unlike the last case, it does not tend to rush as a whole 
either to the north or to the south. It experiences a 
rotation, because the attraction and repulsion of the 
magnetic poles of the earth act in a certain direction ; 
but since the magnetic poles of the earth are at a distance 
enormously great as compared with the length from one 
pole of the floating magnet to the other, we may say that, 
for all practical purposes, the poles of the magnet are at 
the same distance from the N pole of the earth. The 
attracting force on the N-pointing pole of the needle is 
therefore practically no greater than the repelling force 
acting on the S-pointing pole, hence there is no motion 
of translation given to the floating needle as a whole : it 
is directed , not attracted. 

130. Measurement of Magnetic Forces. — The 

truth of the law of inverse squares can be demonstrated 



means of measuring accurately tlie amount of tlie magnetic 
forces of attraction or repulsion. Magnetic force may be 
measured in any one of the four following ways : (1) by 
observing the time of swing of a magnetic needle oscillating 
under the influence of the force ; (2) by observing the 
deflexion it produces upon a magnetic needle which is 
already attracted into a different direction by a force of 
known intensity ; (3) by balancing it against the torsion 
of an elastic thread ; (4) by balancing it against the force 
of gravity as brought into play in attempting to deflect a 
magnet hung by two parallel strings (called the bifilar 
suspension), for these strings cannot be twisted out of their 
parallel position without raising the centre of gravity of 
the magnet. 

131. Deflexion Experiment. — Fig. 77 shows an 
apparatus in which a compass-needle 
can be deflected by one pole of a 
magnet made of a long thin bar of 
steel, so mounted that its upper pole 
is always over the centre of the 
needle, and therefore has no tendency 
to turn it. So set, it acts as a one- 
pole magnet, the pole of which can 
be placed at different distances from 
the compass - needle. It is found, 
using a proper tangent-scale (see Art. 

211) for the compass -needle, that 
when the distance is doubled the deflecting force is 
reduced to one quarter, and so forth. 

132. The Torsion Balance. — Coulomb applied the 
Torsion Balance to the measurement of magnetic forces. 
The main principles of this instrument (as used' to measure 
forces of electrostatic repulsion) were described on p. 20. 
Fig. 78 shows how it is arranged for measuring magnetic 
repulsions. 

To prove the law of inverse squares, Coulomb made the 


.s 




so that a magnetic needle, hung in a copper stirrup to the 
line silver thread, lay in the magnetic meridian without 
the wire being twisted. This was done by first putting 
in the magnet and adjusting roughly, then replacing it by 
a copper bar of equal weight, and once more adjusting, 
thus diminishing the error by repeated trials. The nex 
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step was to ascertain through what number of degrees the 
torsion-head at the top of the thread must be twisted in 
order to drag the needle 1° out of the magnetic meridian. 
In the particular experiment cited it was found that 35° 
of torsion corresponded to the 1° of deviation of the 
magnet ; then a magnet was introduced through the lid, 


suspended needle. It wan found (in this particular ex- 
periment) to repel tin* pole, of the needle through 2-1 
From the preliminary trial we know that Huh directive 
force corrcHpondH to 24" x 35‘ of the. torsion-head, and to 
this we must add the. actual tendon on the wire, viz. the 
24°, making a total of 8(M", which we will call the 
“ torsion equi valent ” of the repelling force when the poles 
are thus 24" apart. Finally, the torsion-head was turned 
round so as to twint the hum] tended magnet round, and 
force it; nearer to the fixed pole, until the distance between 
the repelling poles wan reduced to half what it was at 
first. It was found that the torsion * head had to he turned 
round 8 complete rotations to bring the poles to 1 2” apart. 
These 8 rotations wore an actual twist of 8*' x 30<f, or 
2880°. But the bottom of the torsion thread was still 
twisted 12" as compared with the top, the force produeing 
this twist corresponding to 12 x 45 (or 42(f ) of torsion ; 
and to these the actual torsion of 12" must he addetl, 
making a total of 2880” 420” + 12’ 4312. The 

result then of halving the distance between the magnet 
poles was to increase the force fourfold , for 3412 is very 
nearly four times 804. Had the distance between the 
poles been reduced to one- third the force would have been 
nine times as great 

We may also, assuming this law proved, employ the 
balance to measure the strengtlm of magnet pules by 
measuring the forces they exert at known distances. 

133. IVTothoci of Oscillations. * tt a magnet hum- 
pended by a fine thread, or poised upon n point, he flushed 
aside from its position of rent, it will vibrate backwards 
and forwards, performing oscillations w hich, although they 
gradually decrease in amplitude, are executed in mr f 

* It I« liOHHlhln, tttxo, to tuwHimt rhvtrlmi Tamm tty n “ tutUM ttf om-U 
laiiona ” ; a small charged hall *1 Ut« im.t <»f * horixuiiUlty »*u«|wmiwl mm 
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nearly equal tinier. In fact, they follow a law similar in 
that of the oseiihitions executed hy a pendulum swinging 
under the influence of gravity. The law of pendular 
vihratioUH in, that the squats of the a umber of vseiltatium 
executed in a (firm time is pnqmrtionol to the forte. Hence 
we ran measure magnet ie forces by counting the oscilla- 
tions made in a minute hy a magnet. It must. U» 
remembered, however, that the urinal number of oscilla- 
tions made by any given magnet will depend on tin; 
weight of the magnet ami on it * leverage unmnd its 
(•.outre, as well as upon the strength of its poles, and mi 
the intensity of the held in which it may be plum l (see 
calculations, Art. !WI). 

Wo ean ust* this method to compare the intensity of 
the force of the. earth’s magnetism * at any place with that 
at any other place on the earth's surface, by oscillating a 
magnet at one place and then taking it to the other place 
and oscillating it there. If, at the first, it makes a 
oscillations in one minute, ami at the second h omdllatitaiH 
a minute, then the magnetic forces at the two places will 
be to one another in the rat io of a ' to h\ 

Again, we may use the method to compare the force 
exerted at any point hy a magnet near it with the force 
of the earth’s magnetism at that point. For, if we swing 
a small magnetic, needle there, and find that it makes m 
oscillations a minute under the joint action t of the earths 
magnetism, and that of the neighbouring magnet, and 
that, when the magnet is removed, it makes n oscillations 
a minute under the influence of the earths magnet inn 
alone, then vi 2 will he projmHmnul to the joint forces, n J 
to the force due to the earth’s magnetism, and the difference 
of these, or in 2 — n 2 will he projtortiotmi to the, force due 
to the neighbouring magnet. 


134. Surface Distribution. — We will now apply 
the method of oscillations to measure the relative quantities 
of surface magnetism at different points along a bar 
magnet. The magnet to be examined is set up vertically 
(Tig. 79). A. small magnet, capable of swinging hori- 
zontally, is brought near it and set at a short distance 
away from its extremity, and then oscillated, while the 
rate of its oscillations is counted. Suppose 
the needle were such that, when exposed 
to the earths magnetism alone, it would 
perform 3 complete oscillations a minute, 
and that, when vibrating at its place near 
the end of the vertical magnet it oscillated 
14 times a minute, then the force due 
to the magnet will be proportional to 
14 2 - 3 2 = 196 - 9 = 187. Nextly, let 
the oscillating magnet be brought to an 
equal distance opposite a point a little 
away from the end of the vertical magnet. 

If, here, it oscillated 12 times a minute, 
we know that the force will be propor- 
tional to 12 2 — 3 2 = 144 - 9 = 135. So 
we shall find that as the force falls off the oscillations 
will he fewer, until, when we put the oscillating magnet 
opposite the middle of the vertical magnet, we shall find 
that the number of oscillations is 3 per minute, or that 
the earth’s force is the only force affecting the oscillations. 
In Fig. 80 we have indicated the number of oscillations 
at successive points, as 14, 12, 10, 8, 6, 5, 4, and 3. 
If we square these numbers and subtract 9 from each, 
we shall get for the forces at the various points the 
following : — 187, 135, 91, 55, 27, 16, 7, and 0. These 
forces may he taken to represent the strength of the free 
magnetism at the various points, and it is convenient to 
plot them out graphically in the manner shown in Fig. 80, 
where the heights of the dotted lines are chosen lo a scale 




joins the tops of these ordinates shows graphically how 
the force, which is greatest at the end, rails oil* toward tin* 
middle. On a distant magnet pole those forces, thus 
represented by this curvilinear triangle, would not as it 
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concentrated at a point in the magnet opposite the “centre 
of gravity’ 7 of this triangle ; or, in other words, the 4< pole,” 
which is the centre of the resultant forces, is not at the 
end of the magnet In thin bars of magnetized steel it is 
at about fa of the magnet’s length from the end. 

135. Magnetic Moment.— It is found that the 
tendency of a magnet to turn or to be turned by another 
magnet depends not only on t\io strength mol' its polos, but the 
length l between them. The product of these two quantities 
m x l is called the magnetic moment of the magnet, 
and is sometimes denoted by the symbol M. As the exact 
position of a magnet’s poles are often unknown, it is easier 
to determine M than to measure either m or / separately. 

136. Method of Deflexions.— There are a number 
of ways in which the deflexion of a magnet by another 
magnet may he made use of to measure magnetic forces.* 

* TTia st/nrlAttf, flftsirnna c\f mn.af.Ai*fnrr Miacm e\t trtMftittit'ltitf runr*. 



We cannot here give more than a glance at first principles. 
When two equal and opposite forces act on the ends of a 
rigid bar they simply tend to turn it round. Such a pair 
of forces form what is called a c£ couple,” and the torque , 
or tendency to turn (formerly called the cc moment ” of the 
couple), is obtained by multiplying one of the two forces 
by the perpendicular distance between the directions of 
the forces. Such a couple tends to produce a motion of 
rotation, but not a motion of translation. Now a mag- 
netic needle placed in a 
magnetic field across the 
lines of force experiences 
a torque, tending to rotate 
it round into the magnetic 
meridian, for the N-seek- 
ing pole is urged north- 
wards, and the S-seeking 
pole is urged southwards, 
with an equal and opposite 
force. The force acting 
on each pole is the pro- 
duct of the strength of the 
pole and the intensity of 
the “ field,” that is to say, 
of the horizontal com- 
ponent of the force of the 
earth’s magnetism at ' the 
place. We will call the 
strength of the N-seeking pole m ; and we will use the 
symbol H to represent the force which the earth’s 

magnetism would exert in a horizontal direction on 
a unit of magnetism.* (The value of H is different 

at different regions of the globe.) The force on the 
pole A (see Tig. 81 ) will he then raxH, and that on 

pole B will be equal and opposite. AVe take NS as 

the direction of the magnetic meridian : the forces will 

nl f A iVnn A \Trvtrr 4-1^^ vv a a J 1 a A T) 1 



obliquely in the field, while the magnetic force acting on 
A is in the direction of the line PA, and that on B in 
the direction QH, n« shown by the arrow*. PQ in tint 
perpendicular distance Between these force*; hence the 
44 moment ” of the couple, or torque, will be gut by 
multiplying the. length Vi) by the force exerted <m one 
of the poles* Using the symbol V for the torque, we may 
write 

V !*Q ♦. m ' H. 

But PQ is equal to the length of the magnet multiplied 
by the nine. * of the angle AO It, which in the angle of 
deflexion, and which we will call n. Hence, using l for 
the length between the poles of the magnet, we may 
write the expression for the moment of the couple. 

V w/tt * niu S, 

In words this is : the torque acting on the needle is 
proportional to its “magnetic moment ” (m x i), to the 
horizontal force of the. earth** magnetism, and to the sine 
of the angle of deflexion. 

The reader will not have failed to notice that if the 
needle were turned man's obliquely, the distance PQ 
would he longer, and would be greatest if the needle were 
turned round east -and -west, or in the direction KW. 
Also the torque tending to rotate the magnet will be less 
and less as the needle is turned more nearly into the 
direction NS. 

137. Law of Tangents.^ Now, let m suppose that 
the deflexion 8 were produced by a magnetic force applied at 
right angles to the magnetic meridian, and tending to draw 
the pole A in the direction It A, The length of the line BT 
multiplied by the new force will in* the leverage of the 
new coui>le tending to twist the magnet Into the direction 



EW. Now, if the needle has come to rest in equilibrium 
between these two forces, it is clear that the two opposing 
twists are just equal and opposite in power, or that the 
torque due to one couple is equal to that of the other 
couple. Hence the force in the direction WE will he to 
the force in the direction SN in the same ratio as PQ is 
to RT, or as PO is to RO. 

Or, calling this force /, 

/ : H = PO : RO. 

Or /= H£. 

But PO = AR and — tan 8, hence 
/= H tan S ; 

or, in other words, the magnetic force which , acting at right 
angles to the meridian, produces on a magnetic needle the 
deflexion 8, is equal to the horizontal force of the earth 7 s 
magnetism at that point , multiplied by the tangent of the 
angle of deflexion. Hence, also, 
two different magnetic forces act- 
ing at right angles to the meridian 
would severally deflect the needle 
through angles whose tangents are 
proportional to the forces. 

This very important theorem 
is applied in the construction of 
certain galvanometers (see Art. 

212 ). 

138. Magnetometers. — 

The name Magnetometer is 
given to any magnet specially 
arranged as an instrument for the 
purpose of measuring magnetic 
forces. The methods of observ- 
ing the absolute values of magnetic forces in dyne-units 
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But we have seen above that when* niagnetie tWtv *?* 
measured by a deflexion $ at a plan* where the II ih 
earth’s horizontal magnetic lb ire, / m equal to II tan a ; 
so that 

2 M /r { II tun <*, 

whence 

M Ard 1 tan <1 


Second Position: V*muhuh-tm.~ The platform being 
turned into the north -Mouth portion, tin* deflecting 
magnet is net bmtdddr-on. In thin 
case the magnet deflects the needle in 
the other direction and with half the 
force that it would have exerted at an 
equal distance in the end on position. 

But the force still varies bmw/y tt* 
the formula 


the cAik of the distance ; 
being now 


whence 


/ M/r 


M a® r l I I tan R. 


,139. Balanoe Methods. — In 
either position of the magnetometer 
platform two magnets can ha placed on 
the two sides of the board so m to 
balance one another's effects by adjust 
ing thorn to proper distances, Thin 
gives a comparison of their magnet Jo 
moments in terms of their respective 
distances, or 
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is placed in a magnetizing coil A (Fig, 80), and u current 
is sent round it. It deflects a lightly-suspended indicating 
needle B, which is then brought to zero by turning a 
large compensating magnet M upon its centre. A small 
coil C is added to balance the direct deflecting effect due 



to coil A. The author of this hook has shown that if the 
distance from M to B is 2*3 times the length of M, the 
angle through which M is turned m proportional to the 
magnetic force due to the iron core at A, provided the 
angle is less than 60°. 

141, Unit Strength of Pole, —The Second Law of 
Magnetic Force (see Art. 128) stated that the force exerted 
between two poles was proportional to the product of 
their strengths, and was inversely proportional to the 
square of the distance between them. It in possible to 
cho )se such a strength of pole that this proportionality 
shall become numerically an equality. In order that tins 
may be so, we must adopt the following iw our unit of 
strength of a pole, or unit magnetic pole : A Unit Mmj- 
netic Pole is one of such a strength that \ when flitted at a 
distance of one centimetre from a similar pah t of ctpittl 
strength it repels it with a force of one dyne (see Art. 3fu>). 
If we adopt this definition we may express the second 
law of magnetic force in the following lammiimt 


where/ is ilia force (in dynes), m and m' tlu> strengths of 
the two poles, and d the distance between them (in centi- 
metres). From this definition in derived tin* arbitrary 
convention about magnetic lines. If at any place in a 
magnetic field we imagine a unit magnetic pule to he set 
it will bo acted upon, tending to move along the lines of 
the field. Then if at that, place we find the force on the 
pole to 1)0 II. dynes, we may coneeivo that there are II 
lines drawn per square centimetre. For example, if we 
describe the field as having 50 lines side by side per 
square centimetre, we mean that, a unit pole placed there 
will bo acted on with a force of 50 dynes. Tins subject, 
is resumed in Lesson XXVI., Art. 31)8, on the Theory of 
Magnetic Potential. 

142. Theory of Magnetic Curves.— We saw (Art* 
119) that magnetic figures are produced by iron filings 
setting themselves in certain directions in t.lm field of 
force around a magnet. Wo can now apply the law of 
inverse squares to aid us in determining the direction 
in which a filing will set itself at any point in the field. 
Let NS (Fig. 87) be a long thin magnet, and P any 
point in the field due to its magnetism. If the N- 
seeking pole of a small magnet be put at P, it will be 
attracted by S and repelled by N ; the directions of these 
two forces will be along the lines PH and PN. The 
amounts of the forces may he represented by certain 
lengths marked out along these lines. Suppose the dis- 
tance PN ih twice as great as PM, the repelling force along 
PN will be | as strong as the attracting force along PH. 
So measure a distance out, PA towards K four times m 
long as the length PH measured along PN away from 
N. Find the resultant force in the usual way of com- 
pounding mechanical forces, by completing the jrnmlMo* 
gram PARI) ; the diagonal PR represents by its length 
and direction the magnitude and the direction of the 


iron filing would set itself. In a similar way we miglr 
ascertain the direction of the lines of force at any point o 
the field. The little arrows in Fig. 87 show how tlu 
lines of force start out from the N pole and curve mum 
to meet in the S pole. The student should compare thii 
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figure with the lines of filings of Fig. 67. Henceforth wc 
must think of every magnet as being permeated by these 
magnetic lines which extend out into the surrounding 
space. The whole number of magnetic lines which run 
through a magnet is termed its magnetic flux (Art 837). 

143. A Magnetic Paradox.— If the N -seeking 
pole of a strong magnet be held at some distance from 
the N-seeking pole of a weak magnet it will repel it 
but if it is pushed up quite close it will be found now tc 
attract it. This paradoxical experiment is explained 
by the fact that the magnetism induced in the weal* 
magnet by the powerful one will be of the opposite kind, 
and will be attracted ; and, when the powerful magnet is 


student must be cautioned that in most of the experi- 
ments on magnet poles similar perturbing causes are at 
work. The magnetism in a magnet is not quite jixed y 
but is liable to be disturbed in its distribution by the 
near presence of other magnet poles, for no steel is so 
hard as not to be temporarily affected by magnetic 
induction. 


Note on Wats oe Reckoning Angles and 
Solid Angles 

144. Reckoning in Degrees. — -When two straight lines cross 
one another they form an angle between them ; and this angle 
may be defined as the amount of rotation which one of the lines 
has performed round a fixed point in the 
other line. Thus we may suppose the 
line CP in Fig. 88 to have originally lain 
along CO, and then turned round to its 
present position. The amount by which 
it has been rotated is clearly a certain 
fraction of the whole way round ; and 
the amount of rotation round C we call 
“ the angle which PC makes with OC,” 
or more simply “the angle PCO.” But 
there are a number of different ways of 
reckoning tins angle. The common way 
is to reckon the angle by “degrees ” of 
arc. Thus, suppose a circle to he drawn round C, if the circum- 
ference of the circle were divided into 360 parts each part 
would be called “ one degree ” (1°), and the angle would be 
reckoned by naming the number of such degrees along the curved 

571 

arc OP. In the figure the arc is about 57 £°, or 3 gQ °f the whole 

way round, no matter what size the circle is drawn. 

145. Reckoning in Radians. — A more sensible but less 
usual way to express an angle is to reckon it by the ratio between 
the length of the curved arc that “ subtends ” the angle and the 
length of the radius of the circle. Suppose we have drawn round 
the centre C a circle whose radius is one centimetre, the diameter 
will bft iom cent,! metres. The length of the circumference all 



that, for convenience, we always use for it the Creek hitter v. 
Hence the length of the circumference of our circle, wlm.se radius 
is one centimetre, will he (P2»SJUK , . . ecu timet res, or Ur centi- 
metres. We can Hum reckon any angle by naming the length of 
arc that subtends it on n circle one centimetre in radius, If 
choose the angle PCO, such that the curved arc Up shall he just 
one centimetre long, this will be the angle tnn\ or unit of angular 
measure, or, as it is sometimes called, the angle IH H> will h u tme 

“radian” In degree-measure one radian • M 


All the way round the circle will he '2ir radians. 


r.7” 17' nearly, 
A right angle 


will he t> radians. 

jL 



140. Beckoning 1 by Sines or OowlnoB. In trigonometry 
other ways of reckoning angles are used, in which, however, tins 
angles themselves arc not reckoned, hut 
certain u functions " of them called “ sines, ” 
“cosines,” M tangents, " etc, Fur readers 
not accustomed to these we will hrietly 
explain the geometrical nature of these 
'‘functions." Suppose we dtaw (Fig. 89) 
our circle ns before round centre 0, and 
then drop down a pbimbdim* PM, on to the 
line CO ; we will, instead of reckoning the 
angle by the curved arc, reckon it by tiro 
length of the line PM, It ts clear that 
if the angle is small PM will he short ; but as the angle opens 
out towards a right angle, PM will get longer and longer (Fig. 
90). The ratio between the length of this line and the ratling 
of the circle is called the “afar" qf the 
angle , and if the radius is 1 the length of 
PM will he the value of the sine. It can 
never he greater than I, though it may 
have all values between I and - 1, The 
length of the line CM will also depend upon 
the amount of the angle. If the angle is 
small CM will be nearly as long its CO ; 
if the angle open out to nearly a right angle 
CM will be very short. The length of CM (when Out ratlins is 1) 
is called the “ cosine ” of the angle. If the angle be called 0, then 
we may for shortness write these functions : 

.... . PM 


L 


Fig. W. 


147. Beckoning by Tangents. — Suppose we draw our circle 
as before (Fig. 91), but at the point 0 draw a straight line touching 
the circle, the tangent line at 0 ; let us 

also prolong CP until it meets the tangent T 

line at T. Ve may measure the angle / 

between OC and OP in terms of the length / 

of the tangent OT as compared with the / 

length of the radius. Since our radius is / 

1, this ratio is numerically the length of ^ 

OT, and we may therefore call the length / j 'N 

of OT the “ tangent ” of the angle OOP. / / \ 

It is clear that smaller angles will have t j ' 

smaller tangents, but that larger angles [ C M ( o 

may have very large tangents ; in fact, \ / 

the length of the tangent when PC was 

moved round to a right angle would be 

infinitely great. It can be shown that the 

ratio between the lengths of the sine and Fig. 91. 

of the cosine of the angle is the same as 

the ratio between the length of the tangent and that of the radius ; 
or the tangent of an angle is equal to its sine divided by its cosine. 
The formula for the tangent may be written : 

x , TO PM 

W = OC = MC 


148. Solid Angles. — When three or more surfaces intersect 
at a point they form a solid angle : there is a solid angle, for 

example, at the top of a 
pyramid, or of a cone, and one 
at every corner of a diamond 
that has been cut. If a surface 
of any given shape he near a 
point, it is said to subtend a 
certain solid angle at that 
point, the solid angle being 
mapped out by drawing lines 
from all points of the edge of 
this surface to the point P (Fig. 
92). An irregular cone will 
Fig. 92. thus be generated whose solid 

angle is the solid angle sub- 
tended at P by the surface EF. To reckon this solid angle we 
adopt an expedient similar to that adopted when we wished 

nlnriA nrvtrlp in mrlinna A"Knn+. +Tia nnvnf. P -un-fh 



thu iM»n« ovvr an aiva MN : t ho ;uvu thus int<*m*p{e*d munsm 
the* solid anplo. IT the* n| * ln*ri* l>:t\ «■ fh<» radius 1, its total suriu 
in 'tir. Tlw solid nunh* Mtbtuiidud at the* routru hy a luMulsphc 
would ho 2 tt. It. will bo soon that tin* ratio hotwoon thu urou 
thu surfuoo KK and t bo nroa »d’ tin* surfauo MN is t bo ratio botwo 
thu mptatvs of tho linos Ml* and Ml*. 'Hu* soli* l un^lo Nitht.ond 
by u surfauo ut a point (othor thiu^ brui^ <*«{ual) in invorst 
proportional to tin* square* e>f its eliMamv from thu point, This 
thu basis of thu law e>f iuvnr.su squuros, 

A tahln of radians, sinus, tungvuts, d»\, is p;iv«*u at thu oud 
this book us Appendix A* 
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used for nautical observations, is shown. Here the card, 
divided out into the 32 “points of the compass,” is itself 
attached to the needle, and swings round with it so that 
the point marked 1ST on the card always points to the 
north. In the best modern ships’ compasses, such as 
those of Lord Kelvin, several magnetized needles are 
placed side by side, as it is found that the indications of 
such a compound needle are more reliable. The iron 
fittings of wooden vessels, and, in the case of iron vessels, 
the ships themselves, affect the compass, which has there- 
fore to be corrected by placing compensating masses of 
iron near it, or by fixing it high upon a mast. The 
error of the compass due to magnetism of the ship is 
known as the deviation. 

150. The Earth, a Magnet. — Gilbert made the great 
discovery that the compass-needle points north and south 
because the earth is itself also a great magnet. The 
magnetic poles of the earth are, however, not exactly at 
the geographical north and south poles. The magnetic 
north pole of the earth is more than 1000 miles away 
from the actual pole, being in lat. 70° 5' N., and long. 
96° 46' W. In 1831 it was found by Sir J. C. Boss to 
be situated in Boothia Felix, just within the Arctic Circle. 
The south magnetic pole of the earth has never been 
reached ; and by reason of irregularities in the distribu- 
tion of the magnetism there appear to be two south 
magnetic polar regions. 

151. Declination. — In consequence of this natural 
distribution the compass-needle does not at all points of 
the earth’s surface point truly north and south. Thus, in 
1894, the compass-needle at London pointed at an angle 
of about 17° west of the true north ; in 1900 it will be 
16° 16'. This angle between the magnetic meridiem * and 

* The Magnetic Meridian of any place is an imaginary plane drawn 
through the zenith, and passing through the magnetic north point and 
magnetic south point of the horizon, as observed at that place by the 



tin* geographical meridian of a plan* is railed the magneti 
Declination of that place. Tin*, existence of this de 
diuution wan discovered by Oolumbus in 14US2, thoug] 
it appears to have been previously known to the. Ohineae 
and is Haiti to have been noticed in Kurope in the enrb 
part of the thirteenth century by Peter Peregrines. Th 
fact that the declination di tiers at ditlerent points of th 
earth's surface, is tin* undisputed discovery of (kdumhua. 

In order that whips may steer by the. compass, magneti 
charts (Art, 154) must he prepared, ami the declination *i 
ditlerent places am irately measured. The npriglit piece 
V, P', on the “azimuth compass” drawn in Pig. 1)15, ar 
fur 1 lit* purpose of sighting a star whose position mil 
he known from astronomical tables, and thus aiftmlin 

a comparison hi 
tween the. magneti 
meridian of th 
place and the get 
graphical meridiai 
and of measuriti 
the angle bet wee 
them, 

162. Inolint 
tkm or Dip,-- 
Norman, an instri 
meat - maker, di 
covered in 157 
that a balance 
needle, when ma: 
neti/.od, tends 1 
dip down wards t 
ward the nort 
lit* therefore coi 
|.*ig, ni, struct ed a Dll 

ping - Haedl 


angle of *71° 50'. A simple form of Dipping-needle is 
shown in Pig. 04. The dip-circles used in tlie magnetic 
observatory at Kew are much more exact and delicate 
instruments. It was, however, found that the dip, like 
the declination, differs at different parts of the earth’s 
surface, and that it also undergoes changes from year to 
year. The “dip” in London for the year 1894 is 67° 
18'; in 1900 it will be 67° 9'. At the north magnetic 
pole the needle dips straight down. The following table 
gives particulars of the Declination, Inclination, and total 
magnetic force at a number of important places, the values 
being approximately true for the year 1900. 


Table of Magnetic Declination and Inclination 
(for Year 1900) 


Locality. 

Declination. 

Dip. 

Total Force 
(C.G.S.) 

London 

16° 

16' 

W. 

67° 

9' 

N. 

0-47 

St. Petersburg 

0° 

30' 

E. 

70° 

46' 

N. 

0*48 

Berlin . 

9° 

30' 

W. 

66° 

43' 

N. 

0*48 

Paris . 

14° 

30' 

w. 

64° 

55' 

N. 

0*47 

Rome . 

10° 

0' 

w. 

58° 

0' 

N. 

0*45 

Now York . 

9° 

12' 

w. 

70° 

6' 

N. 

0*61 

Washington 

4° 

35' 

w. 

70° 

18' 

N. 


San Francisco 

16° 

42' 

E. 

62° 

20' 

N. 

0-54 

Mexico 

8° 

0' 

E. 

45° 

1' 

N. 

0-48 

St. Helena . 

25° 

0' 

W. 

32° 

12' 

S. 

0-31 

Cape Town . 

29° 

24' 

W. 

58° 

2' 

S. 

0*36 

Sydney 

9° 

36' 

E. 

62° 

45' 

s. 

0*57 

Hobarton . 

25° 

0' 

E. 

71° 

12' 

s. 

0-64 

Bombay 

Tokio . 

0° 

36' 

E. 

20° 

38' 

N. 

0*37 

4° 

6' 

W. 

49° 

52' 

N. 

0*45 


153. Intensity. — Three things must be known in 



The Declination ; 

The. Inclination, and 

The Intensity <»f tin* Magnetic Force, 

The magnet ie A tree is measured hy <me of the methods 
mentioned in the preceding lessen, its direction in in 
the line of the dipping needle, which, like every magnet, 
tent Ik to net itself along the line* oi torn*. It is, however, 
more convenient to measure the l<*rce not in its total 
intensity in the line of the dip, hut to measure the 
horizontal component of the force, that is to nay, the 
force in the direed ion of the horizontal compass* needle, 
from which tin* total force ran he calculated if the dip is 
known.* Or if the horizontal and vertical components of 
the force are known, the total force and the angle of the 
dip can both he calculated.*}' The horizontal component 
of the force, or u horizontal intensity," can he ascertained 
either hy the method of Vibration* or hy the method of 
Deflexions, The mean horizontal three of the earth’s 
magnetism at London in l HIM) was "18*23 dyneumits, the 
mean vertical force *4377, the total force (in the line of dip) 
was *4741 dyne-units. The distribution of the magnetic 
force at different points of the earth 1 * surface U irregular, 
and varies in different latitudes according to an approximate 
law, which, as given hy Biot, is that the force in propor- 
tional to JT+ 8 aS*/,' where l in the magnetic latitude, 
154, Magnetic Maps.— For purposes of convenience 
it is usual to construct magnetic maps, on which such 
data as those given in the Table on p. Kill can \m marked 
down. Bxich maps may be constructed in several ways. 
Thus, it would he possible to take a map of England, or 
of the world, and mark it over with lines such as to 
represent hy their direction the actual direction in which 
the compass points ; in fact to draw the lines of force or 

* For if II rs» Horizontal Component of Force* ami I ** Total Force, and 



magnetic meridians. A more useful way of marking the 
map is to find out those places at which the declination 
is the same, and to join these places by a line. The 
Magnetic Map of Great Britain, which forms the Frontis- 
piece to these lessons, is constructed on this plan from the 
magnetic survey lately made by Rucker and Thorpe. At 
Plymouth the compass-needle in 1900 will point 18° to 
the west of the geographical north. The declination at 
Lynton, at Shrewsbury, and at Berwick will in that year 
be the same as at Plymouth. Hence a line joining these 
towns may be called a line of equal declination , or an 
Isogonic line. It will be seen from this map that the 
declination is greater in the north-west of England than 
in the south-east. We might similarly construct a magnetic 
map, marking it with lines joining places where the dip 
was equal ; such lines would be called Isoclinic lines. 
In England they run across the map from west-south-west 
to east-north-east. For example, in 1900 the needle will 
dip about 67° at London, Southampton, and Plymouth. 
Through these places then the isoclinic of 67° may be 
drawn for that epoch. On the globe the isogonic lines 
run for the most part from the north magnetic pole to the 
south magnetic polar region, but, owing to the irregularities 
of distribution of the earth’s magnetism, their forms are 
not simple. The isoclinic lines of the globe run round the 
earth like the parallels of latitude, but are irregular in 
form. Thus the line joining places where the north- 
seeking pole of the needle dips down 70° runs across 
England and Wales, passes the south of Ireland, then 
crosses the Atlantic in a south-westerly direction, traverses 
the United States, swerving northwards, and just crosses 
the southern tip of Alaska. It drops somewhat southward 
again as it crosses China, but again curves northwards as 
it enters Russian territory. Finally it crosses the southern 
part of the Baltic, and reaches England across the German 


1900. It has been prepared from data furnished by 
Professor Mendenhall of the U.S. Hewlett** Survey. It 
will be noticed that in the year 1900 the Magnetic 
declination will be zero at Lansing (Mich.), Columbus 
(Ohio), and Charleston (S. Carolina). 

The line passing through places of no declination is 
called the agonic line. It passes across both hemispheres, 
crossing Russia, Persia, anti Australia. There is another 
agonic line in eastern Asia enclosing a region around 
Japan, within which there is a westerly declination. 

155. Variations of Earth’s Magnetism. — We 
have already mentioned that both the declination and 
the inclination are subject to changes ; some of these 
changes take place very slowly, others occur every year, 
and others again every clay. 

Those changes which require many years to run their 
course are called secular changes. 

The variations of the declination previous to 1580 are 
not recorded ; the compass at London then pointed 11° 
east of true north. This easterly declination gradually 
decreased, until in 1657 the compass pointed true north. 
It then moved westward, attaining a maximum of 24° 
27' about the year 1816, from which time it has slowly 
diminished to its present value (16° 57' in 1894); it 
diminishes (in England) at about the rate of 7' per year. 
At about the year 1976 it will again point truly north, 
making a complete cycle of changes in about 320 years. 

The Inclination in 1576 was *71° 50', and it slowly 
increased till 1720, when the angle of dip reached the 
maximum value of 74° 42'. It has since steadily dimin- 
ished to its present (1894) value of 67" 39'. The period 
in which the cycle is completed is not known, but the rate 
of variation of the dip is less at the present time than it 
was fifty years ago. In all parts of the earth both 
declination and inclination are slowly changing. The 
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The Total Mtujntitc force, or (i Intensity” ako slowly 
changes in value.* Aa tmumurod near London, it was 
equal to '4701 dyne-unit a in 1 84B, *4740 in 18(1(5, in 
1880 *473(1 dyne -unity in 1890 *4741.* Owing to 
the steady dec.rumw of the angle at which Urn needle 
dips, tho horizontal component of thin force (t.e, the 
“ Horizontal Intensity”) in wlightly inemiHUig, It won 
*1716 dyne-imita in 1814, *1797 dyne-unita at tho be- 
ginning of 1880, and *1823 dyne-units in 1890, 

168. Daily Variations,-- Both eonipam and dip. 
ping-needle, if minutely obaerved, exhibit slight daily 



motions, About 7 a.m. tin* compass - needle begins to 
travel westward with a motion which Junta till, about 
l p.M. ; during the afternoon and evening the needle 
slowly travels hark eastward, until about 1 0 p.m. ; after 
this it rent a quiet ; lmt in summer-time the needle begins 
to move again slightly to the. \ve«t at about midnight, 
and returns again eastward before. 7 a.m. These delicate 
variations never more than 10' of are « appear to bo 
connected with the position of the sun ; and the moon 
also exercises a minute influence upon the position of 
the needle. 

157. Annual Variations.— There is also an annual 
variation corresponding with the movement of the earth 
around the sun. In the British Islands the total force 
is greatest in June and least in February, but in the 
Southern Hemisphere, in Tasmania, the reverse is the 
case. The. dip also differs with the season of the year, 
the angle of dip being (in England) less during the four 
summer months than in the rest of the* year. 

158. Eleven-Year Period. - Ueneral Sabine dis- 
covered that there is a larger amount (if variation of the 
declination occurring about once every eleven yearn 
Sehwalm noticed that the recurrence of these periods 
coincided with the eleven -year periods at which there 
is a maximum of spot# cm the sun. Professor Balfom 
Stewart and others have endeavoured to tract* a similai 
periodicity in the recurrence of auroras * and of othoi 
phenomena, 

150, Magnetic Storms.— It is sometimes observed 
that a sudden (though very minute) irregular disturbance 
will affect the whole of the compass-needles over a con 
siderable region of the. globe. Such occurrences art 
known as magnetic storms ; they frequently occur at tin 
time when an aurora is visible, 

160. Self-recording Magnetic Apparatus.*— A 


hourly variations of the magnet are recorded on a con- 
tinuous register. The means employed consists in throw- 
ing a beam of light from a lamp on to a light mirror 
attached to the magnet whose motion is to be observed. 
A spot of light is thus reflected upon a ribbon of photo- 
graphic paper prepared so as to be sensitive to light. 
The paper is moved continuously forward by a clock- 
work train ; and if the magnet be at rest the dark trace 
on the paper will be simply a straight line. If, however, 
the magnet moves aside, the spot of light reflected from 
the mirror will be displaced, and the photographed line 
will be curved or crooked. Comparison of such records, 
or magnetographs, from stations widely apart on the 
earth’s surface, promises to afford much light upon the 
came of the changes of the earth’s magnetism, to which 
hitherto no reliable origin has been with certainty 
assigned. Schuster has shown that these changes gener- 
ally come from without, and not from within. 

161. Theory of Earth’s Magnetism. — The phe- 
nomenon of earth - currents (Art. 233) appears to be 
connected with that of the changes in the earth’s mag- 
netism, and can be observed whenever there is a display 
of aurora, and during a magnetic storm ; bnt it is not 
yet determined whether these currents are clue to the 
variations in the magnetism of the earth, or whether 
these variations are due to the currents. It is known 
that the evaporation (see Art. 7 1) always going on in the 
tropics causes the ascending currents of heated air to be 
electrified positively relatively to the earth. These air- 
currents travel northward and southward toward the 
colder polar regions, where they descend. These streams 
of electrified air will act (see Art. 397) like true electric 
currents, and as the earth rotates within them it will be 
acted upon magnetically. The author has for twelve 
years upheld the view that this thermodynamic produc- 
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suggested for accounting for tin*, growth of the. earth’s 
magnetism to its present state. The action of tins sun 
and moon in raising tides in tlm atmosphere might 
account for tin* variations mentioned in Art. 155. It is 
important to note, that in all magnetic storms the in- 
tensity of the perturbations is greatest in the regions 
nearest the poles ; also, that the magnetic poles coincide 
very nearly with the regions of greatest cold ; that the 
region where aurora* (Art, 330) are seen in greatest 
abundance is a region lying nearly symmetrically round 
the magnetic pole. It may he added that the general 
direction of the feeble daily earth-currents (Art. 233) is 
from the poles toward the equator. 
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162. Flow of Currents, It h/w Jtlrtwly 
mentioned, in Lennon I V., how electricity inuiv 

from a charged body through any completing Kuh*tmir<<, 
such as a wire or a wetted Hiring, If, by any arrange 
ment, electricity could be supplied to the body ju4 
fast as it flowed away, a contimioun oummt would be 
produced. Such a current always flows through a run 
ducting wire, if the ends are kept at different dmtrm 
potentials. In like manner, a current of heat flows 
through a rod of metal if the ends am kept at different 
temperatures, the flow being always from the high 
temperature to the lower. No exaei. evidence exists m 
to the direction in which the current in a wire really 
“flows.” It is convenient to regard the eleetririty m 
flowing from positive to negative ; or, in other word#, 
the natural direction of an electric current w from the 
high potential to the- low, .It is obvious that such a flow 
tends to brim? Ivnt.b m huml 


necessary supposition is the fart that-, in the, decompoai 
turn of liquids by the current, some of the elements an 
liberated at the place where tlie current enters, others at 
the jdaee where it leaves the. liquid. 

The quantity of electricity conveyed by a current is 
proportional to the current and to tins time that it con- 
tinues to flow. The practical unit of current is called the 
ampere (see Arts, 207 and 254). The quantity of electricity 
conveyed by a current of one. ampere in one second if 
culled one am pere ~&rand or one coulomb . One ampere' 
hour equals 3000 coulombs. If 0 is the number o: 
amperes of current, t the number of seconds that it lasts 
and () the number of coulombs of electricity thereby con 
Veyed, the relation between them is expressed by tin 
formula : — 

Q : < 1 X t. 

Example, If a current of 80 amperes (lows for 15 minute 
tlie total quantity of electricity conveyed will h 
80 x 15 x 00 : 72,000 coulombs. 'Hus is equal to 2 
ampere hours. 

(torrent* are called continuous if they (low, withon 
stopping, in one direction, They are called alter na\ 
current* * if they continually reverse in direction in 
regular periodic, manner, (lowing first in one dire.ctio 
round the circuit and then in the other. 

thntimiouH currents of electricity, such as we luw 
deserihed, are prod need by voltaic cells, ami batteries < 
Hindi cells, or else by dynamos driven by power, thong 
then* are other sources of currents hereafter to he met 
tinned. Alternate currents .are produced by specif 
alternate current dynamos or alternators, and are sepf 
rately treated of in Art. 470. 

163. Discoveries of Galvan! and of Volta,- 
The discovery of electric currents originated with Galvan 


convulsive motions produced by tbe “ return-shock ” (Art. 
29) and other electric discharges upon a frog’s leg. He 
was led by this to the discovery that it was not necessary 
to use an electric machine to produce these effects, but 
that a similar convulsive kick was produced in the frog’s 
leg when two dissimilar metals, iron and copper, for 
example, were placed in contact with a nerve and a 
muscle respectively, and then brought into contact with 
each other. Galvani imagined this action to be due to 
electricity generated by the frog’s leg itself. It was, 
however, proved by Volta, Professor in the University 
of Pavia, that the electricity arose not from the muscle 
or nerve, but from the contact of the dissimilar metals. 
When two metals are placed in contact with one another 
in the air, one becomes positive and the other negative, 
as we have seen near the end of Lesson VII., though the 
charges are very feeble. Volta, however, proved their 
reality by two different methods. 

164. The Voltaic Pile. — The second of Volta’s 
proofs was less direct, but even more convincing ; and 
consisted in showing that when a number 
of such contacts of dissimilar metals 
could be arranged so as to add their 
electrical effects together, those effects 
were more powerful in proportion to the 
number of the contacts. With this view 
he constructed the apparatus known (in 
honour of the discoverer) as the Voltaic 
Pile (Pig. 95). It is made by placing a 
pair of disks of zinc and copper in contact 
with one another, then laying on the 
copper disk a piece of flannel or blotting- 
paper moistened with brine, then another 
pair of disks of zinc and copper, and so 
on, each pair of disks in the pile being 
separated by a moist conductor. Such a file, if composed 
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Fig. 95. 


enough to give quite a perceptible shock, if tin* top and 
bottom disks, or wires connected with them, bo touched 
simultaneously with the moist, lingers. When a single, 
pair of metals are placed in contact, one heroines -ply 
electrical to a certain small extent, and tin* other • ly 
electrical, or, in other words, then* is a certain difference 
of electric potential pu*e Arl.2(5f>) between them. Hut when 
a number are thus set in series with moist conductors 
between the successive pairs, the difference <>f potential 
between tin*, first zinc and the lust copper disk is increased 
in proportion to the number of pairs ; for now all the 
successive small differences of potential an* added together. 

165. The Crown of Cups. Another combination 
devised by Volta was his (■oimninr dc Vftxsrs or frown of 
(Jitps. It consisted of a number of cups (Kig, 9(f), 
filled either with brine or dilute acid, into which dipped 
a number of compound strips, half zinc half copper, 
the zinc portion of one. strip dipping into one cup, while 



the copper portion dipped into the other cup. The 
difference of potential between the first and last cujm 
is again proportional to the number of pairs of metal 
strips. This arrangement, though badly adapted for 
such a purpose, is powerful enough to ring an electric 



combinations is, however, best understood by studying 
the phenomena of one single cup or cell. 

166. Simple Voltaic Cell. — Place in a glass jar 
some water having a little sulphuric acid or any other 
oxidizing acid added to it (Fig. 9*1). Place in it sepa- 
rately two clean strips, one of zinc Z, and one of copper 
C. This cell is 
capable of supply- 
ing a continuous 
flow of electricity 
through a wire 
whose ends are 
brought into con- 
nexion with the 
two strips. When 
the current flows 
the zinc strip is 
observed to waste 
away ; its consump- 
tion in fact furnishes 
the energy required 
to drive the current 
through the cell and 
the connecting wire. Pig. 97 . 

The cell may there- 
fore be regarded as a sort of chemical furnace in which 
fuel is consumed to drive the current. The zinc is 
the fuel,* the acid is the aliment, whilst the copper is 
merely a metallic hand let down into the cell to pick up 
the current, and takes no part chemically. Before the 
strips are connected by a wire no appreciable difference 
of potential between the copper and the zinc will be 
observed by an electrometer ; because the electrometer 
only measures the potential at a point in the air or 
oxidizing medium outside the zinc or the copper, not the 




potentials of the metals themselves. Tin* zinc is trying 
to dissolve and throw a current across to the (‘upper ; 
while the copper is trying (less powerfully) to dissolve 
and throw a current across the other way. The zinc 
itself is at ahottfc T8(> volts higher potential than the sur- 
rounding oxidizing media (see Art. 489) ; while the 
copper is at only about *8 1 volts higher, having a less 
tendency to become oxidized. Then 1 is then a latent 
difference of potential of about TOf> volts lad ween the 
zinc and the copper ; hut this produces no current as long 
as there is no metallic eireuit. If the strips are made 
to touch, or are joined by a pair of metal wires, imme- 
diately then 4 , is a rush of electricity through the. acid from 
the zinc to the copper, as indicated by the arrows in Tig. 
97, the current returning by the metal circuit from the 
copper to the zinc. A small portion of the zinc is at. the 
same time dissolved away ; the zinc parting with its 
latent; energy as its atoms combine, with the. acid. This 
energy is expended in forcing electricity through the 
acid to the copper strip, and thence through the wire 
circuit hack to the zinc, strip. Tin*, copper strip, whence 
the current starts on its journey through the external 
circvuit, is culled the pmitiiui pile, and the zinc, strip is 
called the Wijtttive pdf. If two copper wires are united 
to the tops of the two strips, though no current th»ws so 
long as the wires are kept separate, the wire attached to 
the zinc will ho found to he negative, and that attached 
to the copper positive, there being still a tnuhnnj for 
the zinc to oxidize and drive electricity through the cell 
from zinc to copper. This state of things is represented 
by the + and --signs in Tig. 97 ; and this distribution of 
potentials led some to consider the junction of the zinc, 
with the copper wire as the starting point of the current. 
But the real starting point is in the cell at the surface of 
the zinc where the chemical action is furnishing energy ; 



plained in Chap. XT.) which have the result of constantly 
renewing the difference of potential. At the same time 
it will be noticed that a few bubbles of hydrogen gas 
appear on the surface of the copper plate. Both these 
actions go on as long as the wires are joined to form a 
complete circuit. The metallic zinc may be considered 
as a store of energy. We know that if burned as a fuel 
in oxygen or air it will give out that store of energy as 
heat. If burned in this quiet chemical manner in a 
cell it gives out its store not as heat — any heat in a cell 
is so much waste — but in the form of electric energy, 
i.e. the energy of an electric current propelled by an 
electromotive force. 

167. Effects produced by Current. — The cur- 
rent itself cannot be seen to flow through the wire circuit ; 
hence to prove that any particular cell or combination 
produces a current requires a knowledge of some of the 
effects which currents can produce. These are of various 
kinds. A current flowing through a thin wire will heat 
it; flowing near a magnetic needle it will cause it to 
turn aside ; flowing through water and other liquids it 
decomposes them ; and, lastly, flowing through the living 
body or any sensitive portion of it, it produces certain 
sensations. These effects, thermal, magnetic, chemical, 
and physiological, will be considered in special lessons. 

168. Voltaic Battery. — If a number of such simple 
cells are united in series, the zinc plate of one joined to 
the copper plate of the next, and so on, a greater differ- 
ence of potentials will be produced between the copper 
“ pole 55 at one end of the series and the zinc “ pole 55 at 
the other end. Hence, when the two poles are joined 
by a wire there will be a more powerful flow of electricity 
than one cell would cause. Such a combination of 
Voltaic Cells is called a Voltaic Battery.* .There are 


By some writers the name Galvanic Battery is given in honour of 
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many ways of grouping a battery of eel is, but two need 
special notice. If the cells are joined up in one iw t 
as in Pig. 90 or Fig. 98, they are said to he in .svr/o s. 
Electricians often represent a cell hy a symbol in which 

a short thick line stands for 
the. zinc. ami a longer thin line 
for the copper (or eurhunl 
Thus Fig. OH represents four 
cedis joined in series, Ho 
joined they do not yield 
more current (more amperes) than a single eel! would 
yield, but they yield that current with a fourfold electro, 
motive-force (i.c. with more volts of pressure). 

The other chief way of grouping cells is t « » join nil 
the zincs together and all tint coppers (or curiums) to- 
gether ; and they are then 
said to be in parallel , or are 
joined “ for quantity.” Bo 
joined they have no greater 
electromotive - force than 
one cell The zincs act like Fig. i»i>, 

one big zinc, the coppers 

like one big copper. But they will yield more current. 
Fig. 99 shows the four cells grouped in parallel ; they 
would yield thus a current four times as great as one cell 
alone would yield. 

109. Electromotive - Force.— The. term rMrtt* 
motive-force is employed to denote that which moves 
or tends to move electricity from one place to another,* 

Electricity , or sometimes even Galvanism (!), but, as wo h1m 11 *n\ H 41 flora 
only in degree from Frictional or any other Kim- fcri city, aud Imth cum flow 
along wires, and magnetize iron, and decompose chemical cotnj*t»u$nhi. 




OH A i*. Ill r*i «r*» * » * » r * * r* 
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Fur brevity wo sometime* writ*' it K.M.F. hi this 
particular case it iri obviumdy tin* result. *»f tin* dtlfctvnre 
of potential, and pr*»p»>rt ional to it, J unt na in water 
pi pen a difference of level produces a prmmrt\ mnt the 
pressure produces a flow mt mnm m the tap i« turned 
on, ho difference of potent ini produce* ehetrom olive forcr t 
and electromotive- lore** net m up a current ho noon hi a 
circuit in completed for the elect rieity to flow through, 
Elcctromotivedorce, therefore, may often he conveniently 
expressed hh a dilfereuee of potential, and vice vend ; hut 
the ntmleut must not forget the dmtinctiun. The unit in 
which electromotive force in uiortmmni in termed the volt 
(see Art. 35 1). The terms premirr nud volhufv are Reims 
times used for ill Ifereuce of potential nr electromotive force, 

170, Volta’n Lawn, Voltn showed (Art. 71*) that 
the difference of potential between two metal* in contact 
(in air) depended merely on what metal a they were, not 
on their size, nor on the amount of surface in contact. 
He also allowed that whim it mimlmr of metal* touched 
one another the difference of potential between the first 
and hint of tin* row k the name iu* if they touched one 
another directly, A quantitative ilhmirafcion from the 
rcHcareheH of Ayrton and Perry wan given in Art, 80 . 
.But the case of a series of eel In k different from that of 
a mere row of metal* in contact. If in the row of reltw 
the zincs and copper* are all arranged in one order, no 
that all of them net up electromotive -force* in the name 
direction, the total civet mm at iw force of the mtim ■ mil (to 
equal to the electromotive force of one celt multiplied hj the 
number of crib. 

Hitherto we have apoken only of zinc and copper ft* 
the material! for a cell ; but eel la may ho made of any 
two metals. The effective tdeetronndivm force of a cell 
depends on the different* between the two. If zinc wan 


used for both metals in a cell it would give no current;, 
for each plate would be. trying to dissolve and to throw a 
current across to the other with equal tendency. 'Phut 
cell will have the greatest, electromotive-force, or he the 
most a intense, ” in which those materials are, used which 
have the greatest dilference in their tendency to combine, 
chemically with tint acid, or which are widest apart on 
the “ contact-series ” given in Art. 80 . Zinc and copper 
are convenient in this respect; ami zinc, ami silver would 
he better but; for the expense. For more powerful bat- 
teries a /.me- platinum or a zinc -carbon combination is 
preferable. That plate, or piece of met id in a cell by 
which the current enters the liquid is called tl u\tt multi; 
it is that plate which dissolves away. The plate or piece 
of metal by which the current leaves the cell is called the 
kathode; it is not dissolved, and in some cases receives 
a deposit on its surface. 

171. Resistance.— The same electromotive- force 
does not, however, always produce a current of the same 
strength. The amount of current depends not only on 
the force tending to drive the electricity round the 
circuit, but also on the resistance which it has to 
encounter and overcome in its flow. If the cells be 
partly choked with sand or sawdust (as is sometimes 
done in so-called “ Sawdust, Batteries ” to prevent 
spilling), or, if the wire provided to complete the circuit 
bo very long or very thin, the action will be partly 
stopped, and the current will be weaker, although the 
E.M.F. may be unchanged. The analogy of the water- 
pipes will again help us. The pressure which forces the 
water through pipes depends upon the difference of level 
between the cistern from which the water flows and the 
tap to which it flows ; but the amount of water that 
runs through will depend not on the pressure alone, but 
on the resistance it meets with ; for, if the pipe he a 



Xow the metals in general conduct well : their resist- 
ance is small ; but metal wires must not be too thin or 
too long, or they will resist too much, and permit only 
a feeble current to pass through them. The liquids in 
the cell do not conduct nearly so well as the metals, 
and different liquids have different resistances. Pure 
water will hardly conduct at all, and is for the feeble 
electricity of the voltaic battery almost a perfect in- 
sulator, though for the high-potential electricity of the 
frictional machines it is, as we have seen, a fair conductor. 
Salt and saltpetre dissolved in water are good conductors, 
and so are dilute acids, though strong sulphuric acid is a 
bad conductor. The resistance of the liquid in the cells 
may be reduced, if desired, by using larger plates of 
metal and putting them nearer together. Gases are bad 
conductors ; hence the bubbles of hydrogen gas which 
are given off at the copper plate during the action of the 
cell, and which stick to the surface of the copper plate, 
increase the internal resistance of the cell by diminishing 
the effective surface of the plates. 


Lesson XI Y. — Chemical Actions in the Cell 

172. Chemical Actions. — The production of a 
current of electricity by a voltaic cell is always accom- 
panied by chemical actions in the cell. One of the 
metals at least must he readily oxidizable, and the liquid 
must he one capable of acting on the metal. As a matter 
of fact, it is found that zinc and the other metals which 
stand at the electropositive end of the contact-series (see 
Art. 80) are oxidizable ; whilst the electronegative sub- 
stances — copper, silver, gold, platinum, and graphite — 
are less oxidizable, and the last three resist the action of 
every single acid. There is no proof that their electrical 
behaviour is due to their chemical hehavinirr • -nnr tlio-h 



Probably both result from a eommon cause (sec Art. 
80, and also 489). A. piece of quite pure zinc when 
dipped alone into dilute sulphuric acid is not attacked by 
the liquid. But; the ordinary commercial zinc, is not 
pure, and when plunged into dilute sulphuric acid dis- 
solves away, a large quantity of bubbles of hydrogen gas 
being given otf from the surface of the metal. Sulphuric, 
acid is a complex substance, in which every molecule, is 
made up of a group of atoms— S2 of Hydrogen, 1 of 
Sulphur, and 4 of Oxygen ; or, in symbols, 1 I,»SO r The 
chemical reaction by which the zinc- enters into com- 
bination with the radical of the acid, turning out the 
hydrogen, is expressed in the following equation ; * 

Zn. + :iToB0. t ZnS<>, ( + 1 1,. 

Zinc and Sulphuric. Acid produce Bui pliatc of Zinc, and Hydrogen. 

The sulphate of zinc produced in this reaction remains in 
solution in the liquid. 

Now, when a plate of pure zinc and a plate of some 
less-easily oxidizable metal— copper or platinum, or, best 
of all, carbon (the hard carbon from gas retorts) —are put 
side by side into the cell containing acid, no appreciable 
chemical action takes place until the circuit is completed 
by joining the two plates with a wire, or by making 
them touch one another. Directly the circuit is com- 
pleted a current (lows and the chemical actions begin, 
the zinc dissolving in the acid, and the acid giving up its 
hydrogen in streams of bubbles. But it will be noticed 
that these bubbles of hydrogen are evolved not at the 
zinc plate, nor yet throughout the liquid, but at the 
surface of the copper plate (or the carbon plate if carbon 
is employed). This apparent transfer of the hydrogen 
gas through the liquid from the surface of the zinc plate 
to the surface of the copper plate where it appears m very 
remarkable. The ingenious theory framed by Grotthium 


These chemical actions go on as long as the current 
passes. The quantity of zinc used up in each cell is pro- 
portional to the amount of electricity which flows round 
the circuit while the battery is at work ; or, in other 
words, is proportional to the current. The quantity of 
hydrogen gas evolved is also proportional to the amount 
of zinc consumed, and also to the current. After the 
acid has thus dissolved zinc in it, it will no longer act 
as a corrosive solvent ; it has been <c killed,” as workmen 
say, for it has been turned into sulphate of zinc. The 
battery will cease to act, therefore, either when the zinc 
has all dissolved away, or when the acid has become 
exhausted, that is to say, when it is all turned into sul- 
phate of zinc. Stout zinc plates will last a long time, 
but the acids require to be renewed frequently, the spent 
liquor being emptied out. 

173. Local Action. — When the circuit is not closed 
the current cannot flow, and there should be no chemical 
action so long as the battery is producing no current. 
The impure zinc of commerce, however, does not re- 
main quiescent in the acid, but is continually dissolving 
and giving off hydrogen bubbles. This local action, 
as it is termed, is explained in the following manner : — 
The impurities in the zinc consist of particles of iron, 
arsenic, and other metals. Suppose a particle of iron to 
be on the surface anywhere and in contact with the acid. 
It will behave like the copper plate of a battery towards 
the zinc particles in its neighbourhood, for a local differ- 
ence of potential will be set up at the point where there 
is metallic contact, causing a local or parasitic current to 
run from the particles of zinc through the acid to the 
particle of iron, and so there will be a continual wasting 
of the zinc, both when the battery circuit is closed and 
when it is open. 

174. Amalgamation of Zinc. — W e see now why a 
piece of ordinary commercial zinc is attacked on being 


surface in consequence of the metallic impurities in it. 
To do away with this local action, and abolish the 
wasting of the zinc while the battery is at rest, it- is usual 
to amalgamate the surface, of the zinc plates with 
mercury. The surface to be amalgamated should be 
cleaned by dipping into acid, and Hum a few drops of 
mercury should he poured over the surface and rubbed 
into it with a bit of linen rag tied to a stick. The 
mercury unites with the zinc at the surface, forming a 
pasty amalgam. The iron particles do not dissolve in 
the mercury, but iloat up to the .surface, whence the 
hydrogen bubbles which may form speedily carry them 
oil*. As the zinc in this pasty amalgam dissolves into 
the acid the film of mercury uni ten with fresh portions 
of zinc, and so presents always a clean bright surface, to 
the liquid. 

A, newer and better process is to add about -1 per cent 
of mercury to the molten zinc before casting into plates 
or rods. If the zinc plates of a battery are well amal- 
gamated there should he no e volution of hydrogen 
bubbles when the circuit is open. Nevertheless there 
is still always a little wasteful local action during the 
action of the battery. Jacobi found that while one part 
of hydrogen was evolved at the kathode, iilWJ parts of 
zinc were dissolved at the anode, instead of the 112*5 
purls which are the chemical equivalent of the hydrogen. 

175. Polarization. The bubbles of hydrogen gas 
liberated at the surface of the copper plate stick to it in 
great numbers, and form a film over its surface ; hence 
the elfective amount of surface of the copper plate is very 
seriously reduced in a short time. When a simple cell, 
or battery of such cells, is set to produce a current, it is 
found that, the current after a few minutes, or even 
seconds, falls oil* very greatly, and may even be almost 

ftf.Ammn Tniu t ivy i v \ni 1 ik PuIIiiiip it* 


to the film of hydrogen bubbles sticking to the copper 
pole. A battery which is in this condition is said to be 
“ polarized.” 

176. Effects of Polarization. — The him of hydro- 
gen bubbles affects the strength of the current of the cell 
in two ways. 

Firstly, it weakens the current by the increased resist- 
ance which it offers to the flow, for bubbles of gas are bad 
conductors ; and, worse than this, 

Secondly, it weakens the current by setting up an 
opposing electromotive-force; for hydrogen is almost as 
oxidizable a substance as zinc, especially when it is being 
deposited (or in a “ nascent ” state), and is electropositive, 
standing high in the series on p. 85. Hence the hydro- 
gen itself produces a difference of potential, which would 
tend to start a current in the opposite direction to the 
true zinc-to-copper current. No cell in which the polari- 
zation causes a rapid falling off in power can be used for 
closed circuit work. 

It is therefore a very important matter to abolish this 
polarization, otherwise the currents furnished by batteries 
would not be constant. 

177. Remedies against Internal Polarization. 
— Various remedies have been practised to reduce or 
prevent the polarization of cells. These may be classed 
as mechanical, chemical, and electrochemical. 

1. Mechanical Means . — If the hydrogen bubbles be 
simply brushed away from the surface of the kathode, 
the resistance they caused will be diminished. If air 
be blown into the acid solution through a tube, or if 
the liquid be agitated or kept in constant circulation by 
siphons, the resistance is also diminished. If the surface 
be rough or covered with points, the bubbles collect more 
freely at the points and are quickly carried up to the 
surface, and so got rid of. This remedy was applied in 
Smee’s Cell, which consisted of a zinc and a platinized 


plate, having its surface thus covered witli a rough coating 
of finely divided platinum, gave up the hydrogen bubbles 
freely; nevertheless, in a battery of Smee cells the current 
diminishes greatly after a few minutes. 

2. Chemical Means. If a highly -oxidizing substance 

be added to the acid it will destroy the hydrogen bubbles 
whilst they arc still in the nascent state, and thus will 
prevent both the increased internal resistance and the 
opposing electromotive-lbrce. Such substances ant bi- 
chromate of potash, nitric acid, and chlorine. 

3, JClectrochcniical Means.— It is possible by employ- 
ing double cells, as explained in tin* next lesson, to so 
arrange matters that some solid metal, such as coppn, 
shall be liberated instead of hydrogen bubbles, at the 
point where the current leaves the liquid. This electro- 
chemical exchange entirely obviates polarisat ion. 

178. Simple Laws of Chemical Action in the 
Cell. — We will conclude, this section by enumerating the 
two simple laws of chemical action in the cell. 

I. The amount of chemical action in the cell is propor- 
tional to the quantity of electricity that passes throuyh it 
—that is to say, is proportional to the current while it 
passes. 

A current of one ampere (lowing through the cell fur 
one second causes 0*00033008 (or 7 ) of a gramme of 
zinc to dissolve in the acid, and liberates 0*000010384 
(or a gramme of hydrogen. 

II. The amount of chemical action is equal in each cell 
of a battery consisting of cells joined in series. 

The first of these laws was thought by Faraday, who 
discovered it, to disprove Volta’s contact theory. He 
foresaw that the principle of the conservation of energy 
would preclude a mere contact force from furnishing a 
continuous supply of current, and hence ascribed tin; 
current to the chemical actions which were proportional 



paragraph of Art. 80. These laws only relate to the 
useful chemical action, and do not include the waste of 
“ local” actions (Art. 166) due to parasitic currents set 
up by impurities. 


Lesson XV . — Voltaic Cells 

179. A good Voltaic cell should fulfil all or most of 
the following conditions : — 

1. Its electromotive- force should be high and con- 

stant 

2. Its internal resistance should be small. 

3. It should give a constant current, and therefore 

must be free from polarization, and not liable 
to rapid exhaustion, requiring frequent renewal 
of the acid. 

4. It should be perfectly quiescent when the circuit 

is open. 

5. It should be cheap and of durable materials. 

6. It should be manageable, and if possible, should 

not emit corrosive fumes. 

No single cell fulfils all these conditions, however, 
and some cells are better for one purpose and some for 
another. Thus, for telegraphing through a long line of 
wire a considerable internal resistance in the battery is 
no great disadvantage ; while, for producing an electric 
light, much internal resistance is absolutely fatal. The 
electromotive-force of a battery depends on the materials 
of the cell, and on the number of cells linked together, 
and a high E.M.F. can therefore be gained by choosing 
the right substances and by taking a large number of 
cells. The resistance within the cell can be diminished 
by increasing the size of the plates, by bringing them 
near together, so that the thickness of the liquid between 
them may be as small as possible, and by choosing liquids 


180 Classification of Cells. -Of the innumerabh 
forms of cell that have hwsn invented, only those of «w 
importance can he described. Cells arc sometimes cliuwi 
fled into two groups, accoixhng as they contain one or tw. 
fluids or electrolytes, hut a ‘«dtar dassilicsition is tlm 
adopted in Art. 177 , depending on the means of prevent 

ing polarization. 


Class I.— With: Mechanical Depolarization 

(Single Fluid) 

The simple cell of Volta, with its zinc and coppe 
plates, has been already dm-rila-d. The larger tin 
copper plate, the longer time does it take to polarize 
Cruickshank suggested to place the plates vertically in i 
trough, producing a more powerful combination. Dr 
Wollaston proposed to use a plate of copper of double size 
bent round so as to approach the zinc on both sides, tlm 
diminishing the resistance, and allowing the hydrogel 
more surface to deposit upon. Smee, as wc have seen 
replaced the copper plate by platinized silver, and Walke 
suggested the use of platen of hard carbon instead o 
copper or silver, thereby saving cost, and at the saw 
time increasing the electromotive-force. The roughnen 
of the surface facilitates the escape of hydrogen bubble* 
By agitating such cells, or raising their kathode platen fo 
a few moments into the air, their power is partial b 
restored. The Law cell, used in the United States fo 
open-circuit work, is of this class: it has a small rod o 
zinc and a cleft cylinder of carbon of large surfao 
immersed in solution of salammoniac. 


Class II. — With Chemical Depolarization 


powerful chemical agent as a depolarizer . Amongst 

depolarizers the following are chiefly used : — Nitric acid, 
solutions of chromic acid,® of bichromate of potash, of 
bichromate of soda, of nitrate of potash, or of ferric 
chloride; chlorine, bromine, black oxide of manganese, 
sulphur, peroxide of lead, red lead, oxide of copper. 
Most of these materials would, however, attack the 
copper as well as the zinc if used in a zinc-copper cell. 
Hence they can only 
be made use of in zinc- 
carbon or zinc-platinum 
cells. Nitric acid also 
attacks zinc when the 
circuit is open. Hence 
it cannot be employed 
in the same single cell 
with the zinc plate. 

In the Bichromate 
Cell, invented by 
Poggendorff, bichro- 
mate of potash is added 
to the sulphuric acid. 

This cell is most con- 
veniently made up as 
shown in Pig. 100, in 
which a plate of zinc is 
the anode, and a pair 
of carbon plates, one 
together at the top serve as a kathode. As this solution 
would attack the zinc even when the circuit is open, the 
zinc plate is fixed to a rod by which it can be drawn up 
out of the solution when the cell is not being worked. 

To obviate the necessity of this operation the device is 
adopted of separating the depolarizer from the liquid into 
which the zinc dips. In the case of liquid depolarizers 
this is done by the use of an internal porous cell or parti- 
tion PnTwnq aaIIsi of a a vtTi A-n-uro t* a ot of ■na.nMvm Ant. nanAT* 



Fig. 100. 

on each side of the zinc, joined 


allow the electric current to How while keeping the 
liquids apart. In one compartment in the zinc anode 
clipping into its aliment of dilute acid ; in the other com- 
partment the carbon (or platinum) kathode dipping into 
the depolarizer. Such cells are termed iwa-Jhud cells. 
In the case of solid depolarizers such as black oxide*, of 
manganese, oxide of copper, etc., the material merely needs 
to be held up to the kathode. All solid depolarizers are 
slow in acting. 


Class III. — With Electrochemical Depolarization 

When any soluble metal is immersed in a solution of 
its own salt— for example, zinc dipped into sulphate of 
zinc, or copper into sulphate of copper- —there is a definite 
electromotive-force between it and its solution, the mea- 
sure of its tendency to dissolve. If a current is sent 
from metal to solution some of the metal dissolves ; if, 
however, the current is sent from solution to metal some 
more metal will be deposited (or “ plated ”) out of the 
solution. But as long as the chemical nature of the 
surface and of the liquid is unchanged there will be no 
change in the electromotive -force at the surface. It 
follows that if a cell were made with two metals, each 
dipping into a solution of its own salt, the two solutions 
being kept apart by a porous partition, such a coll would 
never change its electromotive-force. The anode would 
not polarize where it dissolves into the excitant ; the 
kathode would not polarize, since it receives merely an 
additional thickness of the same sort as itself. This 
electrochemical method of avoiding polarization was dis- 
covered by Daniell. It is the principle not only of the 
Daniell cell, but of the Clark cell and of others. For per- 
fect constancy the two salts used should be salts of the 



Darnell's battery linn an inner cell nr partition t*» 

keep the separate liquids from mixing. The outer cell 
(Pig. 101) in usually of copper, and nerve* a bn* it* u 
copper kathode. Within it in placed a cylindrical cell of 
might/, w l porous ware (a cell of parchment, or even of 
brown, paper, will nimwen, and in thin in a rod of amalga- 
mated zinc us anode. The liquid 
in the inner cell isdilutesulphuiie 
acid or dilute sulphate of zinc ; 
that in the outer cell is a saturated / 

Rolution of sulphate of ropprr 
( a blue vitriol”), Rome span* 
crystals of the same substance 
being contained in a perforated 
shelf at. the top of the cell, in 
order that they may dissolve and 
replaee that whieh is used tip 
while the battery is in net ion, 

When the eireuit is closed the zinc dissolves in the 
dilute arid, forming sulphate of ziur, and liberating 
hydrogen ; hut this gas dues mU appear in buhl den on 
the surface of the copper cell, for, since the inner cell in 
porous, the molecular actions {\*y which the freed atoms 
of hydrogen are, as explained by Fig. banded on 

through, the acid) traverse the pores of the inner cell, and 
there, in the solution of sulphate of copper, the hydrogen 
atoms are exchange*! for copper atoms, the rent dr being 
that pure copper, ami not hydrogen g nn t is deposited on 
the outer copper plate. ( 'hemieully these actions nitty lie 
represented as taking place in two stage* 
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And then 



t‘M* tot, 



The hydrogen is, as it were, translated electro- 
chemical ly into copper during the. muni of changes, and 
so while the zinc dissolves away the copper grows, the 
dilute sulphuric add gradually changing into sulphate of 
zinc, and the sulphate of copper into sulphuric acid. In 
the case in which a solution of sulphate of zinc is used 
there is no need to consider any hydrogen atoms, copper 
being exchanged ehemieally tor zinc. Thera in therefore 
no polarization ho long as the copper solution is saturated ; 
and the cell is very constant, though not so constant in 
all cases as Clark’s standard cell described in Ark 188, 
owing to slight variations in the electromotive-force as 
the composition of the other fluid varies. When sul- 
phuric acid diluted with twelve parts of water is used the 
E.M.F. is I *178 volts. The E.M.K. is 1*07 volts when 
concentrated zinc sulphate is used ; IT volts when a half- 
concentrated solution of zinc sulphate is used ; and, in 
the common cells made up with water or dilute acid, 
XT volts or less. Owing to its constancy, this battery, 
made up in a convenient Hat form (Fig. 1 00), has been 
much used in telegraphy, ft is indispensable in those 
“ closed circuit ” methods of telegraphy (Ark 500), where 
the current is kept always llowing until interrupted by 
signalling. 

182. Grove’s Cell.— Sir William Grove devised a 
form of cell having both higher voltage and smaller 
internal resistance than DanielPs cell. In Grove’s 
element there is an outer cell of glazed warn or of 
ebonite, containing the amalgamated zinc plate and 
dilute sulphuric acid. In the inner porous cell a piece 
of platinum foil serves as the negative pole, and it dips 
into the strongest nitric acid. There is no polarization 
in this cell, for the hydrogen liberated by the solution of 
the zinc in dilute sulphuric acid, in leasing through the 
nitric acid in order to appear at the platinum pole, de- 
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gas does not, however, produce polarization, for as it is 
very soluble in nitric acid, it does not form a film upon 
the face of the platinum plate, nor does it, like hydrogen, 
set up an opposing electromotive -force with the zinc. 
The Grove cells may be made of a flat shape, the zinc 
being bent up so as to embrace the flat porous cell on 
both sides. This reduces the internal resistance, which 
is already small on account of the good conducting 
powers of nitric acid. Hence the Grove’s cell will 
furnish for three or four hours continuously a strong 
current. The E.M.F. of one cell is about T9 volts, and 
its internal resistance is very low (about OT ohm for the 
quart size). A single cell will readily raise to a bright 
red heat two or three inches of thin platinum wire, or drive 
a small electromagnetic engine. For producing larger 
power a number of cells must be joined up in series, the 
platinum of one cell being clamped to the zinc of the next 
to it. Fifty such cells, each holding about a quart of 
liquid, amply suffice to produce an electric arc light, as 
will be explained in Lesson XXXIX. 

183. Bunsen’s Cell. — The cell which bears Bunsen’s 
name is a modification of that of Grove, and was indeed 
originally suggested by him. In the Bunsen cell the 
expensive * platinum foil is replaced by a rod or slab of 
hard gas carbon. A cylindrical form of cell, with a rod 
of carbon, is shown in Fig. 102. The voltage for a zinc- 
carbon combination is a little higher than for a zinc- 
platinum one, which is an advantage; but the Bunsen 
cell is troublesome to keep in order, and there is some 
difficulty in making a good contact between the rough 
surface of the carbon and the copper strap which connects 

* Platinum costs about SO shillings an ounce— -nearly half as much as 
gold ; while a hundredweight of the gas carbon may be had for a mere trifle, 
often for nothing more than the cost of carrying it from the gasworks. An 
artificial carbon prepared by grinding up gas carbon with some carbonaceous 
matter such as tar, sugar residues, etc., then pressing into moulds, and 
bakiner in a furnace, is used both for hattfirv nlatas and for tho carbon rods 



the carbon of one cell to the zinc of the m-xt. The top 
part of tin* carlum in sometimes 
impregnated with paraffin wax to 
keep the acid from creeping up, 
and t*h*«‘troty|Kui with copper. 
Fig. 103 shows the usual way of 
coupling up a series of five mail 
cell*. The Bunsen's buttery will 
continue to furnish a current for 
a longer time than the tint drove's 
cells, on account of the larger 
quantity of acid contained by the 
cylindrical pots. 4 

Chromic solution ^ formed by 
adding strong sulphuric arid to 
solutions of bichromate of potash or of soda, are often 
used instead of nitric acid, in cells of tins form. 



Fig, 103. 


Soluble depolarizers in the form of chromic powders are 
made by heating strong sulphuric acid ami gradually 
stirring into it powdered bichromate of soda. The pasty 
mass is then cooled and powdered* 

* Callan constructed a large battery in which mM iron formed the 
positive polo, being immersed in strong nitric acid, the xltuut dipping Into 




3.84. Leclanehe’s Cell. — For working electric bells 
****1 telephones, and also to a limited extent in telegraphy, 
^inc- carbon cell is employed, invented by Leclanch6, in 
*^ieh the exciting liquid is not dilute acid, but a solution 
^ ^alammoniac. In this the zinc dissolves, forming a 
c> t^'bie chloride of zinc and ammonia, while ammonia gas 
**■<1 hydrogen are liberated at the carbon pole. The de- 
^^^trizer is the black binoxide of manganese, fragments of 
■^ich, mixed with powdered carbon, are held up to the 
c ^'bon kathode either by packing them together inside a 
otls or being attached as an agglomerated block, 
oxide of manganese will slowly yield up oxygen as 



Fig. 104. 


required. If used to give a continuous current for many 
J^ixLaxtes together, the power of this cell falls off owing to 
the accumulation of the hydrogen bubbles ; but if left to 
itself for a time the cell recovers itself, the binoxide 
gradually destroying the polarization. As the cell is in 
oilier* respects perfectly constant, and does not require 
reixerwing for months or years, it is well adapted for 
domestic purposes. It has the advantage of not containing 
corrosive acids. Millions of these cells are in use on 
“ ojp on-circuit ” service — that is to say, for those cases in 
wliieli the current is only required for a few moments 


LeclanoM cells are shewn joined in series, hi Rig, lo t. 
Walker used sulphur in place **F oxide of manganese. 
Niaudet employed bleaching powder ptiw-nllod elihinde of 
lime) as depolarizer, it being rich in chlorine and oxygen. 
Common salt may be used instead of enlammoniuc. 

Modifications of the Leeluuehe cell in which the 
excitant cannot be spilled are used for portability. The 
space inside the cell is filled up with a spongy or gelatinous 
mass, or even with plaster of Paris, in the pores of which 
the salammoniac solution remains. They are known as 
dry cells. 

1 85. Lalando’s Coll. - This cell belongs to Class 11, 
having as depolarizer oxide of copper mechanically attached 
to a kathode of copper or iron, dim anode in zinc, ami 
the exciting liquid is a 30 per cent solution of caustic 
potash into which the zinc dissolves (forming zincate of 
potash), whilst metallic copper is reduced in it granular 
state at the kathode. It him only 0*8 to 0*0 volts of 
E.M.F., hut is capable of yielding it large tuul constant 
current 

180. D© la Rue’s Battery.— I )e la Hue count rue ted 
a constant cell belonging to (lass HI., in which zinc and 
silver are the two metals, the zinc being immersed in 
chloride of zinc, and the silver embedded in a ntiek of 
fused chloride of silver. As the zinc dissolves away, 
metallic silver is deposited upon the kathode, just as the 
copper is in the DanieU’s cell. Do hi Rue constructed 
an enormous battery of over 11,000 little cells, dim 
difference of potential between the first zinc ami last 
silver of this battery was over 11,000 volts, yet even 
so no spark would jump from the to the ~ pole until 
they were brought to within lew than a quarter of an 
inch of one another. With 8040 cells the length of 
spark was only 0‘08 of an inch, or 0*S cm. 

187. Gravity Cells.— Instead of employing a porous 


that the heavier liquid shall form a stratum at the bottom 
of the cell, the lighter floating upon it. Such arrange- 
ments are called gravity cells ; but the separation is never 
perfect, the heavy liquid slowly diffusing upwards. 
DanielTs cells arranged as gravity cells have been 
contrived by Meidinger, Minotto, Callaud, and Lord 
Kelvin. In Siemens 7 modification paper-pulp is used 
to separate the two liquids. The “Sawdust Battery” 
of Kelvin is a DanielTs battery, having the cells filled 
with sawdust, to prevent spilling and make them 
portable. 

188. Clark’s Standard Cell. — A standard cell whose 
E.M.F. is even more constant than that of the Daniell 
was suggested by Latimer 
Clark. This cell, which is 
now adopted as the inter- 
national standard cell, con- 
sists of an anode of pure 
zinc in a concentrated solu- 
tion of zinc-sulphate, whilst 
the kathode is of pure mer- 
cury in contact with a paste 
of mercurous sulphate. Pre- 
cise instructions for setting 
up Clark cells are given __________ 

in Appendix B at the end 'Platinum wire " 
of this book. Fig. 105 F ig , 10 5 . 

shows, in actual size , the 

urm of the Clark cell. Its E.M.F. is 1*434 volts at 
15° C. 

Weston uses a cadmium anode immersed in sulphate 
>f cadmium and finds the cell so modified to give 1*025 
r olts at all ordinary temperatures. 

Yon Helmholtz has used mercurous chloride (calomel) 
nd chloride of zinc, in place of sulphates, in a standard 



189. Statistics of Coils. The following tahh 
gives the electromotive -lb rues of the various tuitteric; 
enumerated : - 


~ ~ 

~~ 




Name. 

Anode. 

Mxeitanl. 

Depolarizer, 

Kathode. 

Clots 1. 

~ ! 

'Sol ut i«»n of) 



Volta (Wollaston, 

/dm*. 

HaKO* 

none 

Copper 

etc.). 




Platinized 

rtmeo 

/im* 

IUSO 4 

none 




Silver 

Law 

Zinc* 

Il,S0 4 

none 

Carbon 

Ohm If* 





Poggondorif (tiro* 

Zinc 

HaH0 4 

KyCl yt V 

Carbon 

net, Fuller, eto,). 
drove 

/ ine 

UgNt > 4 

IIN<> ; , 

Platinum 

Bmwcm . 

/due 

H.uSt >4 

mi A 

UNo,, 

Carbon 

Peel and us 

/due 

Mn< >y 

Carbon 

Itnlande . 

/due 

Kilo 

CuO 

Carbon 

Upward . 

Zinc 

/»»<% 

miA 

Cl 

Carbon 

Fitch . 

/ine 

KClOj, \ Na 

Carbon 



CIO, 


Fapst 

Ohftch (dry) . 

Iron 

/due 

ut& 

K'<A\ I 

MnOy 1 

Carbon 

Carbon 


in Carte >4 


Ohm 111 





Daniell (Mold in gar, 

/inn 

/u 8(>4 

cu.ho 4 

Copper 

Min otto, etc.). 




l)o la Kuo . 

/Ine 

ZnCl.j 

AgCl 

Silver 

Mari 6 Davy . 

/ine 

/nrt( ) 4 

Hk*h <> 4 

( larbon 

Clark (Standard) . 

/ine 

ZnKOj 


i Mercury 

Wanton . 

Cadmium 

OdH( >4 
ZuClo 

Hk^o 4 

| Mercury 

Von Helmholtz 

/inn 

HgyCljj 

Mercury 

Glass IK 





Accumulators. 
(Plants, Faure, etc.) 

Dead 

HaSOa 

PliOa 

Lend 


Appro 

matt 

Volk 


1*0 to i 
1 *0 to 
I *0 to i 


2-1 


Hi 

HI 

1*4 

0‘H 

2*0 

PI 

0*4 

1**1 


PC 

1*1 

\'4 

\'< 

1*C 

1*( 


2*1 to’ 


190. Strength of Current.— The student muni n< 
mistake the figures given in. the above table for tli 
strength of current which the various batteries wi 


circuit, un well a n on their K. M . 1' * 11**’ 1‘* ^11' ^ 

is independent ofits size, nn*i in determined *»**!••!> b\ *h. 
materials chosen and their cumlithm, The 
depends on the size of the cell, the conducting » 

of the liquid, the thickness of the liquid tthnh 0- 
current miiHt tniver.se, etc. 

The definition of ihe Btrontfth of n currm! i* ** 
follows : Thedmajth of a current h the t/mnifiYy v/ rhetn^f^ 
which Jlom pad any point oj the me tut m *»m- 
Suppose that at the end of SO reromh V o f-ul-u ih • «! 
electricity have passed through u circuit, then the average 
current during that time has been i! A amlomh per 
or 2j> ampnrtt. The usual strength of current a n#r*l m 
telegraphing over main linen is only from five t»* Wu 
thousandths of an am par. 

If in t seconds a quantity of electricity i) lee* (!»•***•«! 
through the circuit, then tin* current t* during that It me 
is represented hy the equation 

(i 

r v. 

t 

This should he compared with Art. 102. 

The laws which determine the strength or quant it y *4 
a current in a circuit were iimt ewmmited hy Hr, ti, H, 
Ohm, who stated them in the following law ; 

191. Ohm'fi Law, The vurrmt Vitne 4 tliterluj tis the 
electromotive- force, and i n irmly a.* ihr rru'jtomv ,/ th* 
circuit; or, in other words, anything that iu»hn» thr 

* Thn torniH “strength of current," ” tul* t>*ii ^ *«r «r« «»M 

fashioned, ami mean m> morn than ’* current •'* iM*wn« ilwi i* i*» mf 4 u*« 
number of ampere* that arc flowing, The Omiii* *' nituugp m*A 

“intmiHo/'an applied ioeumuttH, mean precisely the mitt* 1 1 bin#!, rh*tiiwly, 
before Ohm's Uiw wan jimjwly umtendiHHt, electrician* »««*! l*» lalfe nUmi 

** (puuiMty aummU "amt ** luteuwlty current**,*' Mimnintt by the f* inner 
a etimml, /lowing through a circuit, in which there u very w#mM 

lllHldo t.llo hathirv m* mil • mut !*« «)<** ~i. ... * .. 


E.M.F. of the cell greater will increase the current, while 
anything that increases the resistance (either the. intej*nal 
resistance in the cells themselves or tin* resistance of the 
external wires of the circuit) will diminish the current. 

In symbols this becomes 



where E is the number of volti », H tin 4 number of ohms 
of the circuit, and 0 the number of auvpnrs of current, 

.Kmmpte. —To find the current that can he neat throng]) a 
resistance of f> ohms l>y an K.M.K. of 20 rolh. 20-:-5~s4 
a motors. 

(See further concerning Ohm’s Law in Lesson XXXI I L) 
Ohm’s Law says nothing about the energy or power 
conveyed by a current The power of a current is 
proportional both to the current ami to the electro- 
motive-force which drives it (see Art. 435), 

192. Resistance and Grouping of Cells.— The 
internal resistances of the cells we have named differ very 
greatly, and differ with their size. Roughly speaking, wo 
may say that the resistance in a Danudl's cell is about five 
times that in a Grove’s cell of equal size. The Grove’s 
cell has indeed both a higher RM.R ami less internal 
resistance. It would in fact send a current about eight 
times as strong as the Dauiell’s cell of equal me through 
a short stout wire. 

We may then increase the strength of a battery in 
two ways — 

(1) By increasing its E.M.F. 

(2) By diminishing its internal resistance. 

The electromotive-force of a cell being determined by 
the materials of which it is made, the only way to in- 


frequent in tlie telegraph service to link thus together 
two or three hundred of the flat Daniell’s cells ; and they 
are usually made up in trougli-like boxes, containing a 
series of 10 cells, as shown in Fig. 106. 

To diminish the internal resistance of a cell the follow- 
ing expedients may be resorted to : — • 

(1) The plates may be brought nearer together, so 
that the current shall not have to traverse so thick a 
stratum of liquid. 

(2) The size of the plates may be increased, as this 



Pig. 106. 


affords the current, as it were, a greater number of possible 
paths through the stratum of liquid. 

(3) The zincs of several cells may be joined together, 
to form, as it were, one large zinc plate, the coppers being 
also joined to form one large copper plate. Suppose four 
similar cells thus joined “in parallel, 55 the current has 
four times the available number of paths by which it 
can traverse the liquid from zinc to copper ; hence the 
internal resistance of the whole will be only J of that of 
a single cell. But the E.M.F. of them will be no greater 
thus than that of one cell. 

It is most important for the student to remember that 
tlie current is also affected by the resistances of the wires 


already great, as in telegraphing through a long line, it 
is little use to diminish the internal resistance if this is 
already much smaller than the resistance of tin* lino wire. 
It is, on the. contrary, advantageous to increase, the num- 
ber of cells in series, though every cell adds a little to the 
total resistance. 

Keampfe. ■ *Tf the line hns n rodstnure of 1 000 t >hm,% and live 
cells are used each of which has an K.M.F. of VI vt ,(t 
and an internal resists u»*e of l\ efimx* hy Ohm's haw 
the current will he 5*5 : U0f» ; u r 0 •0054 ampere. If 
now eight cells are used* though the total resistance is 
thereby increased from 1015 to 1010 ohms, yet the 
RM.F, is increased from ft ’5 to 8*8 ru/Av, aud tho 
current to O' 0085 ampere* 

The K. M.F. of tho single -fluid colls of Volta and Since 
is marked in the table an doubtful, for the opposing 
E.M.K. of polarization sets in almost before the true K.M.E 
of the cell can be measured, Thu different values assigued 
to other cells are accounted fur by the different degrees of 
concent ration of the liquids. Thus in the DanielFn cells 
used in telegraphy, water only is supplied at first in 
the cells containing the zincs; and the K.M.F. of these 
m less than if acid or sulphate of zinc were added 
to the water. 

198. Other Batteries, Numerous other forms of 
battery have been suggested by dilferent electricians. 
There are three, of theoretical interest only, in which, in- 
stead of using two metals in am liquid which attacks them 
unequally, two liquids are used having unequal chemical 
action on the metal. In these there is no contact of dis- 
similar medals. The first of these was invented hy the 
Emperor Napoleon III. Both plates were of copper 
dipping respectively into solutions of dilute sulphuric acid 
and of cyanide of potassium, wijtnratod hy a porous cell 
The second of these combinations, due to Wohler, employs 



invented by Dr. Fleming, the two liquids do not oven 
touch one another, being joined together by a second 
metal. In this case the liquids chosen are sodium per- 
sulphide and nitric acid, and the two metals copper and 
lead. A similar battery might be made with copper and 
zinc, using solutions of ordinary sodium sulphide, and 
dilute sulphuric acid in alternate cells, a bent zinc plate 
dipping into the first and second calls, a bent copper plate 
dipping into second and third, and so on ; for the electro- 
motive -force of a copper-sodiuni-Hulphidts-zinc combina- 
tion is in the reverse direction to that of a copper-sulphuric- 
acid-zinc combination. 

Upward proposed a chlorine battery, having slabs of 
zinc immersed in chloride of zinc and kathodes of carbon 
surrounded by crushed carbon in a porous pot, gaseous 
chlorine being pumped into the cells, and dissolving into 
the liquids to act as a depolarizer. It has an E.M.F. of 
2 volts. 

Bennett described a cheap and most efficient battery, 
in which old meat-canisters packed with iron filings 
answer for the positive element, and serve to contain 
the exciting liquid, a strong solution of caustic soda. 
Scrap zinc thrown into mercury in a shallow inner cup 
of porcelain forms the anode. 

Marid Davy employed a cell in which the zinc dipped 
into sulphate of zinc, while a carlum plate dipped into a 
pasty solution of mercurous sulphate. When the coll is 
in action mercury is deposited on the surface of the car- 
bon, so that the cell is virtually a zinc-mercury cell. It 
was largely used for telegraphy in France before the 
introduction of the Lucknehd cell. 

Obach’s dry cell has an outer cylinder of zinc which 
serves as a ease, lined with plaster of Paris soaked in 
sal ammoniac ; with a central carbon kathode surrounded 
with binoxide of manganese mixed with nrardiite. 


solution to which the chlorates of potash an<l soda hav< 
been added. 

hapHt. used an iron-carbon cell with ferric c.hlorub 
Hohu ion as excitant. The, iron dissolves and chlorine i 
at first evolved* hut without polarization ; the liquh 
regenerating itself hy absorbing moisture from the air 
It in wry constant hut of low K.M.K. 

Jabluehkotf described a battery in which plates o 
carbon and iron are placed in fused nitre. ; tlu*. carbon i 
here, the electropositive element, being rapidly consume* 
in the liquid. 

Idunte'H and Faure’s *S hr titulary Ihitterim, and drove 3 
(ittH ilttitrnj , are described in Arts, dhii, 498. 

'flie so called Dry Pile of Zamboni deserves notice 
It consists of a number of paper disks, coated with zin< 
foil on one side ami with binoxide of manganese on th 
other, piled upon one another, to the number of sorn 
thousands, in a glass tube. Its internal resistance : 
enormous, as the internal conductor is the moisture < 
the paper, and this is slight ; but its electromotivo-forc 
is very great, and a goo<l dry pile will yield spark 
Many years may elapse before the zinc, is complete 
oxidized or the manganese exhausted. In the Ohirendo 
f laboratory at Oxford there is a dry pile, the poles * 
which arc two metal hells: between them is hung a sma 
brass bull, which, by oscillating to and fro, slowly di 
charges the electrification. It lias now been continuous! 
ringing the bid Is for lift v yeais. 

104. Effoct of Heat on Colls. If a cell 1 
warmed it yields a stronger current than when col 
This is ch icily due to the. fact that the liquids condu 
belter when warm, the internal resistance being there! 
reduced, A slight change is also observed in the KM. 
on heating ; thus the KM.R of a Daniel l’« cell is aho - 
1 per cent higher whim warmed to the. temperature 


Clark standard cell the E.M.F. decreases slightly with 
temperature, the coefficient being 0*00077 per degree 
centigrade. Its E.M.F. at any temperature 0 may he 
calculated by the formula, 

E.M.F. = 1*434 [1 —0*00077(0— 15)] volt 


Lesson XVI . — Magnetic Actions of the Current 

195. Oersted’s Discovery. — A connexion of 
some kind between magnetism and electricity had long 
been suspected. Lightning had been known to magnetize 
knives and other objects of steel ; but almost all attempts 
to imitate these effects by powerful charges of electricity, 
or by sending currents of electricity through steel bars, 
bad failed* About 1802 Romagnosi, of Trente, vaguely 
observed that a voltaic pile affects a compass-needle. The 
true connexion between magnetism and electricity re- 
mained, however, to be discovered. 

In 1819, Oersted, of Copenhagen, showed that a mag- 
net tends to set itself at right angles to a wire carrying an 
electric current He also found that the way in which 
the needle turns, whether to the right or the left of its 
usual position, depends upon the position of the wire that 
carries the current — whether it is above or below the 
needle, — and on the direction in which the current flows 
through the wire. 

196. Oersted’s Experiment. — Very simple appa- 
ratus suffices to repeat the fundamental experiment. Let 
a magnetic needle be suspended on a pointed pivot, as 
in Fig. 107. Above it, and parallel to it, is held a stout 

* Down to tliis point in these lessons there has been no connexion 
"between magnetism and electricity, though something has been said about 
each. The student who cannot remember whether a charge of electricity 
does or does not affect a magnet, should turn back to what was said in 


copper wire, one end of which in joined to one pole of a 
battery of one or two cells. The other end of the. wire 
in then brought into contact with the other pole of the 
battery* Ah soon hh tin* circuit is completed. the current 
flows through the wire and the needle turns briskly aside. 
If the current he flowing along the wire above tin* needle 
in the direction from north to Mouth, it will cause, the 



t*‘ig. 107. 


N-aeoking end of the. needle to turn east wards ; if the 
current liows from south to north in the wire the N-seek- 
ing end of the needle will he deflected westwards. If the 
wire is, however, below the needle, the motions will he 
reversed, and a current flowing from north to south will 
cause the N seeking pole to turn westwards. 

197, Amp&re’a Rule. -To keep these movements 
in memory, Ampere suggested the following fanciful but 
useful rule, Hup pose a man mmmmintj in the wire, with 
the current , and that he tarn* m a# to face the needle^ then 
the N-swMntj pole, of the needle will he deflected towards his 
left hand. In other Words, the deflexion of the N-Mcok- 
ing pole of a magnetic needle, as viewed from the con- 
ductor, is towards the left of the current. 



CULM'. 


Amph r?s Mule. will be found convenient. Suppose a man 
swimming in the wire with the current, ami that ha turns 
so m to look along Urn direction of the lines of Wee of 
the polo {i<>- as the lines of force run, from tha pula if it 
he N-seeking, totvards the polo if it ha S necking), than ha 
and the conducting wire with him will ha urged toward 
his left. 

198. Corkscrew Buie. Mora convenient in the. 
following rule, suggested by Maxwell. The direction of 
the current and that of the remit tiny viaynetie force are 
related to one- another , as are the rotation 
and the, forward travel of an ordinary (right- 
handed) corkscrew. In Fig. 108 , if the 
circle reprenentH tha circulation of current, 
the arrow given the. direction of the result' 
ing magnetic force. One advantage of 
this rule is, that it in equally applicable, 
in the other cane. If the arrow represents the direction 
of the current along a straight wire, the circle will 
represent the direction of the resulting magnetic force 
around it. 

199. Galvsnosoope. * - A little consideration will 
show that if a current bo carried bdow a needle in one 



Fig. 10H, 



Fig. 109. 


direction, and then hack in the opposite 
direction above the needle, by bending 
the wire round, as in Fig. 109 , the 
forces exerted cm the needle by both 
portions of the current will he in the 
same direction. For let a be the 
N-seckiug, and b the tv seek ing, pole 
of the suspended needle, then the 
tendency of the current in the lower 
pari of the wire, will be to turn the 


needle so that a comes towards the observer, while h 

TViK.nMu . ...4 41 i .1 —V ? .1 l 


will not stand out completely at right angles to tin 
direction of the wire conductor, hut will hike an oblique 
position. The directive forces of lint earth’s nmgnetisn 
are tending to make the needle point north-and-south 
The eleetrie current is acting on the needle, tending 
to make it set itself west -ami -east. The result-air 
force will he in un oblique, direction between these 
and will depend upon the relative strength of the tw< 
conllieting forces, If the current is very strong tin 
needle will turn widely round ; but could only turn com 
pletely to a right angle, if the current were infinitely 
strong. If, however, the current is feeble in eomparisoi 
with the directive magnetic force, the needle will tun 
very little. 

This arrangement will, therefore, serve roughly as i 
G&lvanosoope or indicator of currents ; for the move 
merit of the needle shows the direction of the current 
and indicates whether it is a strong or a weak one 
Tins apparatus is too rough to detect very delicate cur 
rents. To obtain a more sensitive instrument there ar 
two possible courses; (L) increase the effective actioi 
of the current by carrying the wire more than one 
round the needle ; (it.) decrease the opposing directiv 
force of the earth’s magnetism by some eompensatin 
contrivance. 

200. Sohweiflfger’s Multiplier.— Tho first of th 
above suggestions was carried out by Schweigger, wh 
constructed a multiplier of many turns of wire. A anil 
able frame of wood, brass, or ebonite, is prepared t 
receive the wire, which must be u insulated,” or eovere 
with silk, or cotton, or guttapercha, to prevent tli 
separate turns of the coil from coming into contact wit 
each other. Within this frame, which may be cireula 
elliptical, or mure usually rectangular, as in Fig. 110, tl 
needle is suspended, the frame being placed so that tl 


deflexion produced by the passage of equal quantities of 
current. But if the wire is thin, or the number of turns 
of wire numerous, the 
resistance thereby offered 
to the flow of electricity 
may very greatly reduce 
the strength of the current. 

The student will grasp the 
importance of this observa- 
tion when he has read the 
chapter on Ohm’s Law. 

Gumming, of Cambridge, 
appears to have been the 
first to use a coil surround- 
ing a pivoted needle to 
measure the current. To 
variometer . 

201. Astatic Combinations. — The directive force 
exercised by the earth’s magnetism on a magnetic needle 
may be reduced or obviated by one of two methods : — 

(a) [I laity's Method ]. By employing a compensating 
magnet An ordinary long bar magnet laid in the mag- 
netic meridian, but with its N-seeking pole directed 
towards the north, will, if placed horizontally above or 
below a suspended magnetic needle, tend to make the 
needle set itself with its S-seeking pole northwards. If 
near the needle it may overpower the directive force of 
the earth, and cause the needle to reverse its usual posi- 
tion. If it is far away, all it can do is to lessen the 
directive force of the earth. At a certain distance the 
magnet will just compensate this force, and the needle 
will be neutral. This arrangement for reducing the 
earth’s directive force is applied in the reflecting galvano- 
meter shown in Fig. 122, in which the magnet at the 
top, curved in form and capable of adjustment to any 
height, affords a means of adjusting the instrument to the 

rldsivfarl rioorTAA nf ooTicifitronoca T~itt raicino rvr l/vctrAYvinr* if 



him we owe the term Gal- 


(h) [XohilPs M< fluid]. V>y using an astatic pair ol 
magnet ie needles. If two magnetized needles of equal 
strength and size are houud together hy a light wire o! 

brass, or aluminium, in 
reversed positions, as shown 
in Fig. Ill, the force urging 
one to set itself in the mag' 
untie meridian is exact!) 
eotm ter balanced by the force 
that acts on the other. Con 
sequently this pair of needles 
will remain in any positior 
in which it is set, and ii 
independent of the earth 5 ! 
magnetism. Such a com 
hi nation is known as an astatic pair. It is, how 
ever, ditlicult in practice to obtain a perfectly astati.< 
pair, since it is not easy to magnetize two needles exactly 
to equal strength, nor is it easy to tix 
them perfectly parallel to one another. 

Such an astatic, pair is, however, readily 
deflected by a current flowing in a wire 
coiled around one of the needles ; for, 
m shown in Fig, 112, the. current 
which flows above one needle and 
below the other will urge both in the 
same direction, because they are already 
in reversed positions. It is even pos- 
sible, to go further, and to carry the 
wire round both needles, winding the coil around th 
upper in the opposite sense to that in which the coil ; 
wound round the lower needle. Several other astati 
combinations are possible. For example, two needh 
may be set vertically, with similar poles upward, at tl: 
ends of a pivoted horizontal strip of wood or brass. 




a very sensitive instrument, the t nilvniu<w>tr , 

shown in Fig. I H). Tho special f«»rmn of galvnimmrlrr 
adapted foe the measurement of earned s are d.vi. nU d 
in the next lesson. 

202. Magnetic Field duo to Current : Magnetic 
Whirls. — A rage found that if a eurrent he pn*w«l 
through a piece of copper wire it becomes capable of 
attracting iron filings to it ho long an the eurrent flow**. 
These filings set themselves at right angles to the wire, 
and cling around it, hut drop oil when the circuit is 
broken. There is, then, a magnetic “ held,'’ amuml the 


wire which carries the ^ N H 

current; and it is im» v * . 

portant to know how the ^ \ J m ' 

lines of force are dis- \ m / * wt r 

tributed in this field. / 

Let the central spot iu ^ jn in 

Fig. 113 represent an im- 
aginary cross-section of the win*, and let m mipjwme the 
current to ho (lowing in through the paper at that point, 
Then by Ampere’s rule a magnet needle placed below will 
tend to set itself in the position shown, with its N jade 
pointing to the left.* The current will urge a needle 


above the wire into the reverse position. A needle on 
the right of the current will set itself at right angles to 
the current (i.e. in the plane of the paper), and with its 
N pole pointing dovm> } while the N pole of a needle on 
the left would he urged up, in fact the tendency would 
he to urge the N pole round the conductor in the same 


* tlio student haw any dllllculty in implying AmptVe'M rut* to thi«* 

caso and tho others which Hiuw.eod, ha Mhould carefully follow mil Urn fat* 
lowing mental operation. CouHiilcr tin* spot marked "kd’p a led** in 
tho ground into which tin* current in Hewing, and info which h»» div*« 
head-foremost. While, in the hole he niUKt turn round no m to face on eh 
of tho magnets in NimecHxinn, ami reinmnher that in each rn»e Uo» S’ 


way as the hands of a wuteh move ; while the S poh 
would he urged in the opposite cyelie direction to that o: 
the hands of a watch. If tin* current is reversed, and it 
regarded ns (lowing towards the reader, i.e. coining u£ 
out of the plane of the paper, as in the diagram of Fig, 
1 1 i, then the motions would he just in the reverse sense, 
It would seem from this as if a N -seeking pole of a 
magnet ought to revolve continuously round and round a 
current ; but as we, cannot obtain a magnet with one 


pole only, and as the S-seeking pole, is urged in an oppo- 
site direction, all that occurs is that the, needle sets itself 



as a tangent to a circular curve 
surrounding the conductor. The 
held surrounding the conductor 

r consists in fact of a sort of en- 
veloping magnetic whirl all along 
it, the whirl being strong near 
the wire and weaker farther away 


This is what Oersted meant when 


he described the electric currenl 


^ j lr# as acting 41 in a revolving manner J 

upon the magnetic needle. Tin 
field of force, with its circular lines surrounding a curren 
flowing in a straight conductor, can Ive examined expert 
mentally with iron filings in the following way : A can 
is placed horizontally and a stout copper wire is passer 
vertically through a hole in it (Fig. 115). Iron filing 
aru sifted over the card (an described in Art. 119), and i 
strong current from three or four large cells is passes 
through the wire. On tapping the* card gently the filing 
near lire wire set themselves in concentric circles round il 


It is because of this surrounding field that two con 
ductors can apparently act* on one, another at a distance 
If both currents are flowing in the same direction, thei 
magnetic fields tend to merge, and the resulting stress i: 

. .... J : lo Oirmf'hm* with «n n.i'tnfl 


directions tlio stresses in tlie intervening magnetic field 
tend to thrust tluim apart (see also Art. 380). 

It is known that energy lmw to he spent in producing 
any magnetic field. When a current is turned on in a 
wire the magnetic field grows around the wire, some of the 
energy of the battery being used during the growth of 
the current for that purpose. One reason why electric 
currents do not mxtuntly rise to their final value is be- 
cause of the reactive effect of this surrounding magnetic 
field. No current can exist without this surrounding 
magnetic field. Indeed it is impossible to refute the 
proposition that what we commonly call an electric 
current in a wire really is this external magnetic 
whirl. 

203. Equivalent Magnetic Shell : Ampere’s 
Theorem.— For many purposes the following way of 
regarding the magnetic action of electric currents is 
more convenient than the preceding. Suppose we take 
a battery axul connect its terminals by a circuit of wire, 



and that a portion of the circuit be twisted, as in Fig. 116, 
into a looped curve, it will be found that the entire space 

1 1 V— J.l. _ 1 . . . . - . • . . » 


the loop, an viewed from above, in the name, direction as 
the hands of a eloek move round ; an imaginary man 
swimming round the circuit and always facing towards 
the centre would have, his left. side. down. By Ampere’s 
rule, then, a N pole would hi* urged downwards through 
the. loop, while a S pole would he urged upwards. In 
fact the space enclosed hy tin* loop of the circuit behaves 
like a magnetic shill (see Art. 1 18), having its upper face 
of S- seeking magnetism, ami its lower face of N-sceking 
magnetism. It can he shown in every case that a closed 
volt tt it* circuit is vynivaknt to a magnetic shell whose 
(’titles coincide in position with the circuit , the shell being 
of Hitch a strength that the number of its lines of force is 
the same us that of tin* lines of force due to the current 
in tin* circuit. The circuit acts on a magnet attracting 
or repelling it, and being nttraeted or repelled hy it, just 
exactly as its equivalent magnetic shell would do. Also, 
I he circuit itself, whim placed in a magnetic field, experi- 
ences the same force, as its equivalent magnetic shell 
would do. 

204. Maxwell's Buie. — Professor Clerk Maxwell, 
who developed this method of treating the subject, has 
given the following elegant rule for determining the 
mutual action of a circuit and a magnet placed near it. 
Every portion of the circuit is acted upon by a fora 
urging it in such a directum as to make it enclose within 
its embrace the greatest possible number of lines of force. 
If the circuit is fixed and the magnet movable, then the 
force acting on the magnet will also he such as to tend tc 
make the number of lines of force that pass through the 
circuit a maximum (see. also Art. 349). 

Tli in is but one rase of the still more general lav 
governing every part of every electromagnetic system, 'viz. 
Every electromagnetic system tends so to change the con 
figuration of its parts as to make the jlwx of magnetic 


ceding remarks may be illustrated experimentally by the 
aid of a little floating battery. A plate of zinc and one 
of copper (see Fig. 117) are fixed side by side in a large 
cork, and connected above by a coil of several windings of 
covered copper wire. This is floated upon a dish contain- 
ing dilute sulphuric acid. If one pole of a bar magnet be 
held towards the ring it will be attracted or repelled 
according to the pole employed. The floating circuit will 
so move as to make the flux of magnetic lines through the 



Fig. 117. 


coil a maximum. If the S pole of the magnet be pre- 
sented to that face of the ring which acts as a S-seeking 
pole (viz. that face round which the current is flowing in 
a clockwise direction), it will repel it. If the pole be 
thrust right into the ring, and then held still, the battery 
will be strongly repelled, will draw itself off, float away, 
turn round so as to present toward the S pole of the 
in n.crn pit. its "M-sfiphino- face, will then be attracted un. and 


winch position ns many magnetic linos of lorn* us possible 
cross the area of tin* ring. 

It can be shown also that two circuits traversed by 
currents attract and repel one another just as two magnetic 
shells would do. 

It will be explained in Lesson X XX l. on Klcetronmguets 
how a piece of iron or steel can be magnetized by causing 
a current to How in a spiral wire round it, 

200. Strength of the Current In Magnetic 
Measure. When a current thus nets <m a magnet pole 
near it, the force / which it exerts will be proportional to 
the strength (J of the current, and proportional also to the 
strength m of the magnet pole, and to the length / of the 
Wire employed : the force exerted between eaeh element 
of the circuit, and tin* pole will also vary inversely us the 
square of the distance r between them. If the wire is 
looped into a circular coil with the. magnet pole at the 
centre, so that each portion of the circuit is approximately 

at the same distance from the pole, / ( ^ dynes. 

Suppose the wire looped up into a circle round the magnet 
pole, then h 2rrr, and / * f ^ m dynes, Suppose also 

that the circle is of me centimetre ratlins, and that the 
magnet pole is of strength of one unit (see Art, 
then the force exerted by the current <»f strength (! 

♦)«_/' 'i 

will be * 4 x 1 , or 2 ttU dynes. In order, therefore, that 

a current of strength (1 should exert a Force of (! dynes on 
the unit pole, one must consider the current ns travelling 

round only part of the circle, or round a portion of the 

*iw 

circumference equal in length to the radius, 

207. Unit of Current.- —A current is said to have a 
strength of one u absolute ** unit when it is such that ii 
one centimetre length of the circuit is bent into an arc of 


centre of the arc. The practical unit of u one ampere ” is 
only of this theoretical unit (see also 
Art. 354). 

If the wire, instead of being looped into a 
coil, is straight and of indefinite length, the 
force which the current in it exerts upon a 
pole of strength m placed at point P near 
it will he found to vary inversely as the 
simple distance (not as the square), and the 
pole will tend to move at right angles both 
to the wire and to the line OP. In Fig. 118 
the descending current will (according to 
the corkscrew rule above) tend to drive a N pole at P 
towards the spectator. If the current is 0 amperes the 
force (in dynes) on the pole of m units will (see Art. 343) he 

/=2mC/l0r. 

Example. — T he force exerted by a current of 60 amperes in a 
long straight conductor upon a pole of 200 units placed 
2 centimetres away from it will be 1200 dynes, or 
(dividing by # = 981) about 1*22 grammes 5 weight. 


Lesson XVII. — Galvanometers 

208. The term Galvanometer is applied to an 
instrument for measuring the strength of electric curients 
by means of their electromagnetic action. There are 
two general classes of Galvanometers: (1) those in which 
the current flowing in a fixed coil of wire causes the 
deflexion of a pivoted or suspended magnetic needle ; (2; 
those in which the current flowing in a movable coil 
suspended between the poles of a fixed magnet causes the 
coil to turn. There is a third kind of instrument (called 
for distinction electrodynamometer, see Art. 394), in which 
both tlie moving part and the fixed part are coils. These 



Fig. IIS. 
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The simple arrangement described in 
termed a 44 (Jalvanoseope,” <*r current it 
could not rightly In* termed a “galvnnomcte 
■m<'tt$urn\ because its indications w ere only 
quantitative. The indications of the needh 
accurate knowledge as to the exart siren 
flowing through the instrument. A gout 
must fulfil the essential condition that it; 
really vieasurr the strength of tin* current ; 
way. If should also he sufficiently set 
currents that are to he measured to a 
galvanometer adapted for measuring very 
(say a current of only one or two million 
tntijHTr) will not he suitable for measure 
currents, such us are used in electric, ligh 
plating. Large currents need thick wires ; a 
turns will snlliee. If very small currents 
needle, they must circulate hundreds or tho 
around it, and therefore a coil of many turns 
and the. wire may he a very line. one. M 
current to he measured has already pus 
circuit of great resistance (us, for example, 
telegraph wire), a galvanometer whose coil 
consisting only of a few turns of wire, wil 
ami a long -coil galvanometer must he < 
many hundreds or even thousands of tun 
wire round the needle. The reason of th 
hereafter (Art. 408). Hence it will he see 
styles of instrument are needed for dill' 
works; hut of all if is required that the 
quantitative measurements, that they shouh 
sensitive for the current that Is to he mens 
that current without overheating. 


209. Methods of Control. — In all instrument? 
hether the moving part be a magnet or a coil, some » 
oiling force is needful, otherwise the verv smallest 
Lrrent would turn the index completely about. If small 
Lrrents are to produce a small deflexion, and larger 
□rents a larger, there must be forces tending to control, 
jveral means of control may be used. These are : 

(a) Earth's Magnetic Force , — When the needle is hung 
i pivot or fibre, the earth’s magnetic force tries to brim* 

back into the magnetic meridian. This is the com- 
lonest method in galvanometers with moving needles. 

(b) Torsion of Wire . — Moving part in turning twists the 
ispending wire, which then tries to untwist, with a force 
hich increases as the angle of deflexion. This method 

commonest in galvanometers with suspended coils. 

(c) Gravity . — If needle is pivoted on trunnions to move 
i vertical plane, it may he weighted at one end. 

(d) Permanent Magnet Control . — To render a needle 
istrument independent of position, it may be arranged 
dth a powerful external steel magnet to bring the needle 
ack to zero. 

(e) BijUar Suspension . — A needle or coil hung by two 
iarallel threads tends by gravity to return to its initial 
losition. 

To make an instrument very sensitive the control must 
ie weakened as much as possible. 

210. Methods of Observation, — There are the 
ollowing methods of using galvanometers in making 
►bservations : — 

(i) Deflexion Method . — The angle through which the 
moving part (whether needle or coil) is deflected 
is read off on a scale, by pointer or reflected 
beam of light, when the moving part has come 
to rest. This is the commonest method. 

(ii.) Torsion Method . — The moving part is suspended by 
a w;rp. from a torsion head, which is turned round 


controlling form then balancing the dcile.ethig 
force. This wry accurate method, due to 
Ohm, is used in Siemens* elect mdynnmomcter 
(Ait/ 304). 

First Striutj Mrthm L Instead of waiting lor 
moving part, to come to rest the Jirtt xiriinj may 
he. observed. Thin method, which is the only 
one practicable tor sudden discharges, or for 
transient currents, is culled the Imllistie method 
(see Art. 218). If tin* moving part is not 
damped in its motion the first swing on turning 
on a battery current is exactly twice the angle 
at which the deflexion settles down. 

UmUution Method. I unload of uhservingdellcxion, 
the time of oscillation of the needle may lie 
observed, the coil being in this method set at 
right angles to the magnetic meridian. Allow- 
unee must he made, its in Art, 1311, lor the 
earth’s magnetism. 

OumultUm Method For very minute currents a 
method is sometimes adopted to get up a 
measurable swing by reversing the current (by 
hand) as the needle, swings through zero. Some- 
times a rotating commutator of special construc- 
tion is employed to produce, and accumulate, 
the successive impulses. 

Null Methods*-— hi many eases combinations arc 
used (Wheatstone’s “ Bridge,” 41 Dilfcreutml 
Galvanometers,” etc.,) of such a kind that when 
the conditions of electrical equilibrium are 
attained no current will How through the 
galvanometer in the circuit. Such methods, 
which are generally exceedingly accurate, are 
known as null mrtlmU. For such methods 
sensitive, galvanometers are applicable, hut the 


instrument constructed by Nobili, consisting of an astatic 
pair of needles delicately hung, bo that the lower one lay 
within a coil of wire wound upon an ivory frames (Rig. 
119), was for long the favourite form of sensitive galvano- 
meter. Tim needles of this instrument, being independent 
of the earth’s magnetism, talce their position in obedience 
to the torsion of the fibre by which they are hung. The 
frame on winch the coil is wound must he set carefully 
parallel to the needles ; and three screw feet, serve to 
adjust the base of 
the instrument level. 

Protection against 
currents of air is 
afforded by a glass 
shade. When a cur- 
rent is sent through 
the wire coils the 
needles move to right 
or left over a gradu- 
ated circle. When the 
deflexions are small 
less than 10" or 
15") they are very 
nearly proportional 
to the strength of tlie 
currents that produce 
them. Thus, if a current produces a deflexion of 6° it is 
known to he approximately three times as strong as a 
current which only turns the needle through 2 U . But 
this approximate proportion ceases to be true if the 
deflexion is more than I fi" or 20° ; for then the needle 
is not ached upon so advantageously by the current, 
since the poles arc no longer within the coils, but are 
protruding at the side, and, moreover, the needle being 
nhliuue to the force acting on it, part only of the force 




llu? needle along its length. It in, however, poasibL 
calHitate the galvanometer — that in, to ascertain 
special measurements, or by comparison with a stand 
instrument, to what strengths of current partici 
amounts of deflexion correspond. Thus, suppose it c 
known that a deflexion of ZS" on a particular galvt 
meter is produced by a current of t J of an ampere, t 
a current, of that strength will ulway a produce on i 
instrument the same deflexion, unless from any aceic 
the controlling force has been altered. 

212. The Tangent Galvanometer.— It is nc 
for the reasons mentioned above • possible to constru* 



Fl«. 120. 

galvanometer in which the angle (as measured in dej 
of arc) through which the needle is deflected is proport: 
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in. which the tangent * of tlie angle of deflexion shall be 
accurately proportional to the strength of the current. 
The essential feature of all tangent galvanometers is that 
while the coil is a large open ring the needle is relatively 
very small. Eig. 120 shows a form of Tangent Gal- 
vanometer suitable for large currents. The coil of 
this instrument consists of a simple circle of stout copper 
wire from 10 to 15 inches in diameter. Other tangent 
galvanometers have many turns of fine wire wound upon 
a large open ring. At the centre is delicately suspended 
a magnetized steel needle not exceeding 1 inch in length, 
and usually furnished with a light index of aluminium. 
The instrument is adjusted by setting the coil in the 
magnetic meridian, the small needle lying then in the 
plane of the coil. 

The “field” due to a current passing round the 
circle is very uniform at and near the centre, and the 
lines of force are there truly normal to the plane of 
the coil. This is not true of other parts of the space 
inside the ring, the force being neither uniform nor 
normal in direction, except centrally in tbe plane of the 
coil and along the axis. The needle being small, its poles 
are never far from the centre, and hence never protrude 
into the regions where the field is irregular, f "Whatever 
magnetic force the current, in the coil can exert on the 
needle is exerted normally to the plane of the ring, and 
therefore at right angles to the magnetic meridian. As 
the two forces — that dne to the current and that due to 
the controlling magnetism of the earth — act squarely to 

* See note on Ways of Reckoning Angles, p. 133. 

t In order to ensure uniformity of field, Gaugain proposed to hang the 
needle at a point on the axis of the coil distant from its centre by a distance 
equal to half the radius of the coils. Helmholtz’s arrangement of iaco 
parallel coils, symmetrically set on either side of the needle, is better ; and a 


one another, the action of the current will not he measured 
by equal degrees marked out around a circle, but will 
be measured by equal divisions along a tangent line, as 
shown below. Now, it was proved in Art. 137 that 
the magnetic force which, acting at right angles to the 
meridian, produces on a magnetic needle the deflexion 8 
is equal to the horizontal force of the earth’s magnetism 
at that qdace multiplied by the tangent of the angle of 
deflexion. Hence a current flowing in the coil will turn 
the needle aside through an angle such that the tangent of 
the angle of deflexion is proportional to the strength of the 
current 

Example. — Suppose a certain battery gave a deflexion of 
15° on a tangent galvanometer, and another battery 
yielding a stronger current gave a deflexion of 30°. The 
strengths currents are not in the proportion of 15 : 30, 
■but in the proportion of tan 15° to tan 30°. These 
values must be obtained from a table of natural tangents 
like that given in Appendix A, from which it will be 
seen that the ratio between the strengths of the currents 
is *268 : '577, or about 10 : 22. 

Or, more generally, if current C produces deflexion 8, and 
current C' deflexion 8', then 

C : C'=tan 8 : tan 8'. 

To obviate reference to a table of figures, the circular' 
scale of the instrument is sometimes graduated into 



tangent values instead of being divided into equal 
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circle, ns in Fig. I i , ami along Hum lim* let any number 
of equal divisions In* net oil’, beginning at (). From 
these points draw back to tin* centre. The circle will 
tlms 1)0 divided into a number of pieeoH, of which those 
near 0 are nearly equal, hut which get Handler and 
.smaller away from O. These, unequal pieces correspond 
to equal increments of the tangent. If tin* wale were 
divided thus, the readings would he proportional to tin* 
tangents. It is, however, harder to divide an an* into 
tangent lines with accuracy than to divide it into equal 
degrees; hence this graduation, though convenient, is not 
used when*, great accuracy is needed. 

213. Absolute Measure of Current by Tangent 
Galvanometer.-- -The strength of a current may he 
determined in u absolute v units by the aid of the tangent 
galvanometer if the u constants M of the instrument are 
known. The tangent of the angle of dcllexion repre 
wonts (see Art. 137) the ratio between the magnetic force 
due to the current and the horizontal component of the 
earth's magnetic force. Both these forces act on the 
needle, and depend njuatly upon the magnetic, moment 
of the needle, which, therefore, we need not know for 
this purpose. Wo know that the force exerted by the 
current at centre of the coil is proportional to tin* 
horizontal force of the earth’s magnetism multiplied 
by the tangent of the angle of deflexion. These two 
quantities can be found from the tables, and from them 
we calculate, tlm absolute value of (he current as fol- 
lows: -Let r represent the radius of tin* galvanometer 

coil (measured in centimetres) ; its total length (if of one 
turn only) is 27rr. The, distance from the centre to all 
parts of the coil is of course r. From our definition 
of the unit of strength of current (Art. 207), it follows 

that (t x ~ force (in dynes) at centre, 



hence 


<' • H • t.m <1 

'J.X 

The quantity 2jt /\ or 5J?ri*_ r if tin? on I ha* » Uiriii, 
in ho me times called the 14 constant ” or the *• principal 
constant ” of the galvanometer ami denoted by the 
symbol U. nence the value of the current m aUfttdnfe 
(elect rumugnetie) units* will U» expressed u* 



The constant 0 represents the strength of field pro- 
duced at the centre of the eoil by unit current, 

214. Sine Galvanometer.- The disadvantage of 
the tangent galvanometer just described \* that it in n*»l 
very sensitive, because the coil is neerSMarily very large 
an compared with the needle, tut* l therefore fur ttwny 
from it. k galvanometer with a smaller eoil or a larger 
noodle could not \io xxmi m a tangent gidvanomrler, 
though it Would he more sensitive, d mj srfifiltivo 
galvanometer in whieh the needle is directed by llie 
earth’s magnetism can, however, he umal m n Hiftii 
Galvanometer, provided the frame on which the rtdfi* 
are wound in capable of being turned round a central 
axis. When the instrument in m const rttetw!, the 
following method of measuring currents h adopted, 
Thu coils are first set parallel to the needle (jU In the 
magnetic meridian) ; the current is then Pent through 
it, producing a deflexion ; the coil itself in routed round 
in Urn same Henne, and, if turned round through a wade 
cmrngli angle, will overtake the need Its, which will mice 
more lie parallel to the coil. In this position two forvm 
are acting on the needle : the directive force of the earth’s 
magnetism acting along the magnetic meridian, and tlw 
force due to the current passing in llt«t coil, which lends 
to thrust the poles of the needle nut fit right litigi*.# ; 
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in. fact there is a “ couple ” which, exactly balances the 
“couple” due to terrestrial magnetism. Now it was 
shown in the Lesson on the Laws of Magnetic Force 
(Art. 136) that when a needle is deflected the u moment” 
of the couple is proportional to the sine of the angle 
of deflexion. Hence in the sine galvanometer, when 
the coil has been turned round so that the needle once 
more lies along it, the strength of the current in the coil is 
proportional to the sine of the angle through which the coil 
has been turned .* 

215. The Mirror Galvanometer. — When a gal- 
vanometer of great delicacy is needed, the moving parts 
must be made very light and small. To watch the 
movements of a very small needle an index of some 
kind must be used ; indeed, in the tangent galvanometer 
it is usual to fasten to the short stout needle a delicate 
stiff pointer of aluminium. A far better method is to 
fasten to the needle a very light mirror of silvered glass, 
by means of which a beam of light can be reflected on 
to a scale, so that every slightest motion of the needle 
is magnified and made apparent. The mirror galvano- 
meters devised by Sir W, Thomson (Lord Kelvin) for 
signalling through submarine cables, are admirable 
examples of this class of instrument. In Fig. 122 the 
general arrangements of this instrument are shown. 
The body of the galvanometer, consisting of a bobbin 

* Again the student who desires to compare the strength of two currents 
will require the help of a table of natural sines, like that given in Appendix 
A. Suppose that with current C the coils had to be turned through an 
angle of 0 degrees ; and that with a different current C' the coils had to 
be turned through 8 ' degrees, then 



Kelvin’s “ Siphon Recorder.” The best known is that of 
D’Arsonval depicted in Fig. 125. Between the poles of a 
compound permanent steel magnet of 
U- shape is suspended by very thin 
hard-drawn silver wires an open coil of 
very fine wire wound on a light rect- 
angular frame. The current is led to 
and from the coil by the suspending 
wires. "Within the suspended coil is a 
cylinder of soft iron, supported from 
behind, to concentrate the magnetic 
field. The vertical parts of the coil 
then hang freely in the two narrow 
gaps where the magnetic field is very 
intense. The force tending to turn the 
coil is proportional to the current, to 
the number of windings, and to the 
intensity of the magnetic field, so that by making the 
magnet very powerful the instrument 
becomes very sensitive. The elasticity 
of the suspending wires controls the 
position of the coil and tends to bring 
it back to its initial position. These 
galvanometers are independent of the 
earth’s magnetic field, and are not 
affected by magnets in their neigh- 
bourhood, so that they can be used 
in many places where other galvano- 
meters could not. They are also 
remarkably dead-beat. Some are 
provided with a pointer and a 
horizontal dial ; others more usually 
have a mirror attached to the coil to 
reflect a spot of light. 

Most recent is the suspended-coil 
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bring the reflected spot of light to the zero point at the 
middle of the scale. The feeblest current passing through 
the galvanometer will cause the spot of light to shift to 
right or left. The tiny current generated by dipping 
into a drop of salt water the tip of a brass pin and a 
steel needle (connected by wires to the terminals of the 
galvanometer) will send the s 2 )ot of light swinging right 
across the scale. If a powerful limelight is used, the 
movement of the needle can be shown to a thousand 
persons at once. Tor still more delicate work an astatic 
pair of needles can be used, each being surrounded by 



Fig. 123. Fig. 124. 


its coil, and having the mirror rigidly attached to one of 
the needles. Such a form, with two bobbins, wound so 
as to be traversed by the current in opposite senses, is 
represented diagrammatically in Fig. 124. Such an in- 
strument, made with four bobbins, two in front and two 
behind the suspended needle system, and having on each 
bobbin about 2 miles of a ware about xoVtF hi thick- 
ness, insulated by a coating of silk, is capable of showing 
by a deflexion of one division on its scale an exceedingly 
minute current, even down to one fifty-four thousand 
millionth part of one ampere. 

216. Suspended Coil G-alvanometers. — These 
have been used by Sturgeon (1836), Yarley (1860), 

orwl nfliorst nnrl f.liA Tvrinmnlp. tens n.lar* fl.TvnliAfl in Turn'd 


(Itmiiijh (hr mil. 'The charge * *f n t i«u«I*ms « i turn I Ihim he 
measured by discharging il through a h.tUi*tn galvano 
meter (see Art. 41 Hh), Tin* needle must md be damped, 
2X9. Methods of Damping : Aporiodio 0a! 
vanometora, - To prevent i It** needle fr**m swinging t«* 
and fro for a long time device# are tt<ed to tl*tmp tin- 
motion. These an* ; 

(a) Ait' l htmpitiif. A light vane attached U* needle 
beats against tin* air and dump* the mutimi. In iiiiiimi 
instruments tin* mirror itncilf damps, particularly if mu 
lined in n narrow chamber. 

(/>) Oil Ihiuipinp, A vatu* dips into oil. 

(r) ,1/m/mhV Ihimpiwj. If the herdte swing# eh* | * # 
or inside a mas# of cupper, it will mh>ii mum to rep l 
by reason of the eddy $ urreuta (Art. 4 f* 7 ; induced in tin* 
copper, Kddy -current# damp the motion id* the mmpemh d 
coil in htHtrumenia of that cIjish. 

The period of awing run he reduced by diminishing 
tlu* weight and leverage of Urn moving jmrU* w» m to 
lewen their moment, of inertia. It ran aim* \m learned 
(at the expense of the sennit ivenems of tie- instrument) by 
iucmumtg the emit nil ling fom-a. An instrument no well 
dumped us to come to real without getting up a period*** 
swing in culled an uprnWiV or (laid Uh t instrument, 

220. Voltmotor#, or Potontlat Oalvano- 
maters.— If any galvanometer be « « *uoi rm ted with a 
very long thin wire of high resbtnnee m it * cm» 1, v» ry 
little current will tluw through it, but wlmt lilt I*? runvnl 
IIowh will be exactly proportional to the potential dilter 
enee that may be applied to the two end* **f it# circuit, 
Such u galvanometer, mutably provided with ft wale, will 
indicate the number of vatU 1 at ween it* tertniiuik 
Many forms of volt under gal vmmmeters exist, but they 
all agree in the essential of having n mil of u high resist’ 
twice-- sometimes several thousand ohms, The fttnittctidcd 



in of thin elans, the coil being delicately j »i votu«1, ami 
controlled by a spiral spring. Any sensitive mirror gal- 
vanometer can ho natal m a voltmeter by aim ply adding 
externally to iu circuit a resistance snflieiently great. 
There arc also other voltmeters that depend on elertro 
static notions ; they arc a species <*f electrometer and are 
described in Art. ilUO. < 'nrdcwVt voltmeter (nee Art. 480) 
ilitfera from the above class of instrument, and consists 
of a long thin platinum wire of high resistance, which 
expand* bv heating when it in connected across a circuit, 
All voltmeters are placed tt* shunts across between the 
two points the potential dilfereiiee of which in to he 
measured. They are never joined up in circuit an ampere- 
meters are, 


/>"S\ 


221. Amporomotom, or Ammofcore. A gnlvauu 
meter graduated so that its index rends directly on the 
scale the nnmher of amperes (Art, 
sjo7> flowing through the cod in ch1)<mI 
an A m{*« rcuset* r. Such instruments 
were introduced in form for indus- 
trial use in 1871) hy Ayrton and 
Perry. Many other forma were mile 
Hei|uently invented. In Ayrton and 
Perrys instruments (Fig, 1 27), which 
are portable and ‘blend heat M tn action, 
the needle, which U oval in shape, h 
placed between tile poles id* a powerful 
permanent magnet to control it* dim* • 
tioii and make it independent of the 
earths magnetism, Hy a peculiar shaping of the pole- 
pieces, needle, and cods, the angular deflexions ar«? pro 
potliotm! tti tin* strength of the dolled iiig current Them* 
ain|H*rcmtg.eiM are math 4 with short roil# of very h»w resist 
ance and few tiimn of wire, Ayrton utid Perry also 
arranged ml tm* tern (Art, JJsJo) in a similar form, hut with 
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KI.WTHIC'ITV AN I* MAiSXKTKM 
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commerce there an* a number m which thcr* n nmtlwr 
magnet nur iron, but \vh ich depend up*m thr muittat 
force between u fixed and a nmvubb* *-••*! tr4v«*n»*d b> 
the current. Thru** are d«*a!f with m 
Art, 3JU, and are suitable |.»r alternate 
currents n* well a* * current*. 

Of thin kind an* Simm i»V *-h'fir«*dvmi 
mom»t**F and tin? K»dviu b.dtmcv«», 

Other instrument” u* I »|*m fist* 
magnetic propertied *4 mm under ft*** 
influence of the current, of thm ehi«vt 
urn the Srbuckcrt in itruimmi# r» |«n 
rented in Fig. h’H, An indr* pivm, d 
in the axis of an ojnm roil carried u light »trij< **f «.»ft 
iron seen midways at it. Another atrip A i*» fu«*d 
within the mil The current flowing round the r«ut 
magnetic them* strips and they n*j*d one uimihcr. 
Gravity in here the controlling force. 

LKBSON XVIII, —f 'i/rrr/ib* yrml inW h\f tmtm'ium 

222. Faraday's Dlsoovtiry, In i«:tl Fiiriidav 
discovered that current* cun be induced m a ch«wd 
circuit by moving magnet# near it, or by moving the 
circuit across the magnetic held *, and he f<dl»wrd tip 
this discovery by finding that n current wlm*** ftfrmigth 
is changing may induce a secondary current m a rl».#«'4 
circuit near it Bueh eurrmits, whether generated by 
magnets or by other currents, are known »*> Sndiwttoti 
Currents, And the action of u magnet «r in 

producing such induced currents i* termed mlmmtmmmt 
uetio (or magnutmductric) Imluotkiit/ m «»tu|dy tm 



Fig. 1 US. 


I'llU', HI MAUNMil-IUiKl TKH : IMHM TiON 


iUl 

Hurt mu. Upon thin prtn<*i|>l«« nro hitmul tlm m*ub*rn 
thjnttmo wn* hint# for gtnmrut iu^ uUu’trm rurmnU Tti«*r luitii « 
rally, nn \\ * * I i n* hid mi ion mih, uitornatumumoit. irate* 
faunti!i % ntnl otlmr u|»]»liutin*a 

233 . Induction of Currant* by Magnate, If 
n n»il «*f in>mlnli‘<i win* 1 m* mutmetod in ritviul with ?i 
jiUlUrii'ut tv tlrlii-ulr ntnl it mnytmt bo immrtod 

rapidly int'» tin* hallow nf l lm uml nt» in Kij». 1 £ti\ it 
3un»m« ulitry runvut h nh u*rvnl 
t<» flow tvatnd tin* nnuit whito 
tlm muyjmt t * Him: umvod into 
tilt* mil, H»> bmp tut tlm 
mnptmt Huh muthaih*^ in tlm 
♦•nil \i imlitri'M im uununtn. But 
if it In* r it | * i * 1 1 v j*ttlh*d nut uf 
tho full >uim} ln*i* nnainntarv 
rumait will In** nluiiTV***! t«» 

How, and in tin* « *| *| »« »?»t f r* tlirm 
Hun tu tin* fommr. Tlm tin 
dmvd cm trout nitnmd by umorl 
ililt tin? umpuH U im im'rrw 
current, nr *#• it* tlm 
« I in wt inti to tlmt %% lilt’ll would 
mnpimthm Urn magnet with It* 
tainting pihtrily. Thu induml current canned hy with- 
drawing tlm mugtmt o* a dim! current. 

l*rm*i#«*!y tlm mt mu etteri in pntduced if tin* mil hv 
moved toward a tlm magnet m if tin* mitgimt were moved 
toward* tin* »**»!, Tim more rapid tlm motion i**, tln*» 
alrotiger urn tin* indtmod current*. 

'rim magnet doe* not grow any weaker by btshttf m 
u«w«d t fur tlm n al Mittm* of tlm electrical mmtgy gniiemfed 
m tin* ttmdrnnirrtl energy njmut iti tlm motion, 
fom» Hu* nmtiuif miutttftU van mmtMtiU’lwi rMty, far mmt imt* 



If the circuit is not closed, 210 currents are produced ; 
hut tlie relative motion of coil and magnet will still set 
up electromotive-forces, tending to produce currents. 

Faraday discovered these effects to he connected with the 
magnetic field surrounding the magnet. He .showed that 
no effect was produced unless the circuit cut across the 
invisible magnetic lines of the magnet. 

224. Induction of Currents by Currents. — 
Faraday also showed that the approach or recession of a 
current might induce a current in a closed circuit near it. 
This may be conveniently showii as an experiment by the 
apparatus of Fig. 130. 

A coil of insulated wire P is connected in circuit with 
a battery B of two or three cells, and a key K to turn the 



Fig. 130. 


current on or off. A second coil S, entirely unconnected 
with the first, is joined up with wires to a sensitive 
galvanometer G. We know (Art. 202) that a coil of 
wire in which a current is circulating acts like a magnet. 
And we find that if while the current is flowing in P, 
the coil is suddenly moved up toward S, a momentary 
current will he induced in S. If P is suddenly moved 
away from S another momentary current will be observed 
in the second circuit. The first of these two momentary 


found to In* it “direct. ” one (*>. om* whir h mih the name 
wav round tin* mi! S an tin* button current run* round 
the mil P). 'Phi* mil P m raj Ini the pi imurij foil, and 
tin* current in if tin* priimtru current, The other foil S 
in called tin* am* nthtnj rod, and tin* momentary cummin 
induced in if an* rometimea rallrd *ecoudurv film* Ida, 
lift P now 1 m* placed rlotr to S, n<* current (lowing in 
either roil. 'Phrn on preying tin* hey K to turn on tin* 
primary umvnt, it will he imtu-cd t hat during tin* 
moment whih* tin* runvnt in P h grow mg then* will 
lu* u tmnnimt inverse runvnt m S. Tin* filer, t of 
turning on tin* runvnt in jmd tv* if tin* » urrmt had hern 
turnrd on whilf P wan far away and thru P maidenly 
brought tlj» to S, Ih'tttkimf tin* buttery vomit while tin* 
primary rod lira r|u?e to tin* nreomlary r»*il ph »durc * tin* 
name effect an if the primary rod Were nuddml v removed 
to an infinite di tuner. Mttkimi tin* hat ten circuit while 
flu* primary **» d 1 lie* clone to tin* neeumlurv producea tin* 
name rtlrrt, na bringing it lip maidenly from a ttiMnhrc. 

Ho long mi a steady current traveim* the primary 
circuit there urn no induced mimmtu in the mnondary 
circuit, utiU'HH them in rrtatiw Udwetm the two 

circuit* ; hut moving the mscmidaiy firm it towards the 
primary ha* just the name effect it* moving the primary 
circuit towurdu the acromial y, am! ear mmi 
We may tabulate thene re.mlm in follow* : ■ 


«y 

Momentary loverm* 

means ! 

euu'elitfs ure induce*! 

! 

in the Hreondary circuit 

j Magnet J 

! while U[iprt*tt'hin*j, 

i 

Current i 

while tt 


M*uneiitio y I drool 

ntroutln (in? iuUut rtt 
in the Mn-mnlai y circuit 


wliile 

while rrmHmi, 




found to be a “direct” one (i.e. one which runs tlie same 
way round the coil S as the battery current runs round 
the coil P). The coil P is called the primary coil, and 
the current in it the primary current. The other coil S 
is called the secondary coil, and the momentary currents 
induced in it are sometimes called secondary currents. 

Let P now be placed close to S, no current flowing in 
either coil. Then on pressing the key K to turn on the 
primary current, it will be noticed that during the 
moment while the current in P is growing there will 
be a transient inverse current in S. The effect of 
turning on the current is just as if the current had been 
turned on while P was far away and then P suddenly 
brought up to S. Breaking the battery circuit while the 
primary coil lies close to the secondary coil produces the 
same effect as if the primary coil were suddenly removed 
to an infinite distance. Making the battery circuit while 
the primary coil lies close to the secondary produces the 
same effect as bringing it up suddenly from a distance. 

So long as a steady current traverses the primary 
circuit there are no induced currents in the secondary 
circuit, unless there is relative motion between the two 
circuits : but moving the secondary circuit towards the 
primary has just the same effect as moving the primary 
circuit towards the secondary, and vice versa. 

We may tabulate these results as follows : — 


By 

Momentary Inverse 

Momentary Direct 

means 

currents are induced 

currents are induced 

of 

in the secondary circuit 

in the secondary circuit 

Magnet 

while approaching. 

while receding. 

Current 

while approaching , 

while receding , 


225. Fundamental Laws of Induction. — When 
we reflect that every circuit traversed by a current has a 
magnetic field of its own in which there are magnetic lines 
running through the circuit (Arts. 202 and 389), we shall 
see that the facts tabulated in the preceding paragraph may 
be summed up in the following fundamental laws : — 

(i.) A decrease in the number of lines which pass through 
a circuit induces a, current round the circuit in 
the positive direction (i.e. produces a “direct” 
current ) ; while an increase in the number of lines 
which pass through the circuit induces a current 
in the negative direction round the circuit (i.e. an 
“ inverse ” current). 

Here we suppose the positive direction along lines to be 
the direction along which a free N-pole would tend to 
move, and the positive direction of the current that in 
which the current must flow to increase the magnetic flux. 
Compare the “ corkscrew” rule given on p. 183. 

(ii.) The total induced electromotive-force acting round 
a dosed circuit is equal to the rate of decrease in 
the number of lines which pass through the circuit. 

Suppose at first the number of magnetic lines (Art. 
119) passing through the circuit to be H 13 and that after 
a very short interval of time t the number becomes JST 2 , 
the average induced electromotive-force E is 

E=&zS. 

By Ohm’s law, C = E -f- B, 

th erefore C = — 

If N 2 is greater than N 1} and there is an increase in the 
number of lines, then — N 2 will be a negative quantity, 
and 0 will have a negative sign, showing that the E.M.F. 
is an inverse one. A coil of 50 turns of wire cutting 1000 

_ *n t .v /v* ... ^ ^ 



bting 10,000 lines, or of 1 turn cutting 50,000 
.es. 

To induce an electromotive-force equal to that of a 
.gle DanielPs cell would require that 110,000,000 
es should be cut in one second. As such large 
rubers are inconvenient to express the facts, the unit of 
M.F., the volt, has been chosen to corresiiond to the 
bting of 100,000,000 lines per second. 

Example. — Suppose the number of magnetic lines to diminish 
from 800,000 to 0 in the rt of a second, the rate of 
diminution is 40,000,000 lines per second. And since 
1 volt is taken as 10 8 lines per second, the average 
induced E.M.F. during that time will be 0*4 volt. 

A reference to Fig. 176 will make this important law 
arer. Suppose ABCD to be a wire circuit of which the 
ice AB can slide along DA and CB towards S and T. 
t the vertical arrows represent vertical lines of force in 
uniform magnetic field, and show (as is the case with 
le vertical components of the earth’s lines of force in the 
orthern hemisphere) the direction in which a N-pointing 
ole would move if free. The positive direction of these 
lagnetic lines is therefore vertically downwards through 
le circuit. Now if AB slide towards ST with a uniform 
ilocity it will cut a certain number of lines every second, 
id a certain number will be added during every second 
: time to the total number passing through the circuit. 

: Nj be the number at the beginning, and N 2 that at the 
id of a circuit, - N 2 will be a negative quantity, and 
lere will be generated an electromotive - force whose 
Lrection through the sliding piece is from A towards B. 

It is important to note that all these inductive opera- 
ons are really magnetic. In the experiment with the 
vo coils P and S it is the magnetic lines of coil P which 
ass through coil S and set up the induced E.M.F. This 
proved by the following further experiment. Take a 


through P and S. It will by its great magnetic per- 
meability help to conduct' the magnetic lines from P 
through S. And when it is so placed it will be found 
greatly to intensify the actions. In fact if P is many 
inches away from S, and the iron core is present, the 
inductive effects of turning the current on and off may be 
as great as if, in the absence of the core, P were pushed 
up close to S. 

226. Direction of Induced E.M.F. — It is con- 
venient to have rules for remembering the relations in 
direction between the magnetism, the motion, and the 

induced electromotive - force. 



Of such rules the following, 
due to Fleming, is most use- 
ful : Let the forefinger of the 
right hand (Fig. 131) point in 
the direction of the magnetic 
lines ; then turn the thumb in 
the direction of the motion ; the 
middle finger bent at right angles 
to both thumb and forefinger 
will show the direction of the 


Fig. 131 . induced E.M.F. 


Another often given is an 
adaptation of Amp&re’s rule : Suppose a figure swimming 
in any conductor to turn so as to look along the ( positive 
direction of the) lines , then if he and the conductor be moved 
towards his right hand he will be swimming with the current 
induced by this motion ; if he he moved towards his left 
hand, the current will he against him. 

227. Faraday’s Disk Machine. — Faraday con- 
structed several magneto-electric machines, one of them 
consisting of a copper disk (Fig. 132) which he rotated 
between the poles of a steel magnet. The current flowed 
from shaft to rim or vice versd, according to the sense of 

t.Tna iwha f i /vn Tf ntroc* ftTrrmrT 1-v ~rr 



Pig. 132. 


were spun so as to cut magnetic lines. The same in- 
duction principle is applied in modern dynamo -electric 
machines (Lesson 
XLII.). In all cases 
power must be em- 
ployed to produce 
the motion. They 
are all contrivances 
for converting me- 
chanical energy into 
electrical energy. 

228. Para- 
day’s Ring : Prin- 
ciple of Transfor- 
mation. — Amongst 
Faraday’s earliest experiments he took an iron ring about 
8 inches in diameter (Fig. 133) and wound upon it two 
insulated coils of wire P and S, each of many turns. 
If coil P was connected to a battery circuit, and coil S 
to a galvanometer, he found that whenever a current was 

turned on or off in coil 
P, secondary currents 
were generated in coil S. 
In fact the currents in P 
magnetized the iron ring, 
and the magnetic lines 
created by P passed 
through S, setting up 
induction currents. If 
S is used as the primary 
then P will work as secondary ; in fact the induction 
between P and S is mutual. The Faraday ring, with its 
two coils wound upon a closed circuit of iron, may be 
regarded as the very type of all transformers or induction 
coils. Faraday also employed some induction-coils in which 



Fig. 133. 


In all transformers the electromotive-forces generated 
in the secondary circuit are to those employed in the 
primary circuit, nearly in the same 
A A. proportion as the relative numbers of 

J | turns in the two coils. For example, 

\ | / if the primary coil has 100 turns and 

C secondar 7 ^ as 2500 turns, the 
electromotive -force in the secondary 
J J circuit will be nearly twenty -five 

VB times as great as that used in the 

lg ’ 4 ' primary. By choosing the proper 

number of turns, the electromotive -force can be trans- 
formed either up or down. 

229. The Induction Coil. — In order to generate 
enormously high electromotive-forces which shall be able to 
send sparks across air spaces that ordinary batteries work- 
ing at under 100 volts could not possibly pierce, advantage 
is taken of the transformer principle. To produce spark 
discharges there is used the apparatus depicted in Fig. 
135, as improved by Callan, Sturgeon, Ruhmkorff, and 
others, and termed the Induction Coil or Induct orium. 


The induction coil consists of a cylindrical bobbin having 
a central iron core surrounded by a short inner or 
“primary” coil of stout wire, and by an outer 
“ secondary” coil consisting of many thousand turns of 
very fine wire, very carefully insulated between its 
different parts. The primary circuit is joined to the 
terminals of a few powerful Grove’s or Bunsen’s cells, and 
in it are also included an interrupter, and a commutator 
or key. The object of the interrupter is to make and 
break the primary circuit in rapid succession. The result 
of this is at every “make” to induce in the outer 
" secondary ” circuit a momentary inverse current, and at 
every “ break ” a powerful momentary direct current. As 
the number of magnetic lines created and destroyed at 



the current at “ make ;j is caused to take a considerable 
fraction of time to grow, whilst at “ break ” the cessation 
is instantaneous. The rate of cutting of the magnetic 
lines is therefore much greater at “ break ’ 5 than at 
“make” The induced electromotive-forces at “make” 
last longer, but are feebler, and do not suffice to send 
sparks. The currents at “break” manifest themselves 
as a brilliant torrent of sparks between the ends of the 


secondary wires when brought near enough together. 
The primary coil is made of stout wire, that it may 
carry strong magnetizing currents, and consists of few 
turns to keep the resistance low, and to avoid self-induc- 
tion of the primary current on itself. The central iron 
core is for the purpose of increasing, by its great mag- 
netic permeability, the number of lines of force that pass 
through the coils : it is usually made of a bundle of fine 
wires to avoid the induced currents which if it were a 



Tim secondary coil in made will* many I unm, in * * !«• 
that the coefficient of irnmdonuatmu may be hug*- ; am 
aa the induced «*l**ft r« •**»*•! * v** have will be f hminnud* «• 
volt h, the resistance of thin r**»l will be jmniutrrnd # and i 
may he made of the thinnest wire that ran n»u vettmiil b 
be wound. In Mr. Fputlkwoode' a Induction i nj 

(which vie Ida a spark of 4 *2 ,1 inches’ length m air, wle « 
worked with no < trove'* t*elk\ the tMComhu y rod run 
tains S2H0 miles of wire, wound in It tU,iN*u turn*, am 
hay a roHintanee of over 100, uuo ohum, 

Tim interrupters of induction mik are usually ***df 
acting. That of Foucault, shown with the r*»d in Fig 
I Ii5, consist* of an arm of bra.v* L, which dips u pi. if muu 
wire into a eup of umreur y M, from whielt it than * tin 
point out, ho breaking circuit, in eoUHet|*trnee of ita of he 
end being attracted toward the core of the coil whenever i 
in magnetised ; the arm lining drawn bark again by n sprinj 
when, on the breaking of the circuit, the corn «nw.« t* 
be a magnet, A more common interrupter «m amid! roil, 
in a u break/* consisting of a piece of thin at«nd which make! 
contact with a platinum point, and width k drawn bark In 
the attraction of the core on tin* pacing *»f a current ; am 
ao makes and break* circuit by vibrating backward* an* 
forwards just m does the hummer of an ordinary electric bell 
Associated with the primary cireuit of a rod k u audh 
a small mutmmr (mm. Art, 3011}, made of idtetinafe layer! 
of tinfoil ami paraffined paj*u\ into which the nirnir 
llown whenever circuit U broken, The efIWt of the >-»it 
denser is, as ataUni above, to suppress the 14 invert ** * urreui 
at “ make n and t*» increase greatly the direct elect r«> 
motive-force at u break/ 1 The ajairks are longer, and only 
pawn emu way. The condenser doe* lids l»v the irtior 
known a* electric maam/ire (see Art. ft I#), 

230 . HuhmkorfT* Bevormr* In order to rut nil 
or reverse the direction of the buttery current at wilt 


instrument the battery poles are connected through the 
ends of the axis of a small ivory or ebonite cylinder to 
two cheeks of brass Y and Y', which can be turned so as 
to place them either way in contact with two vertical 
springs B and 0, which are joined to the ends of the 
primary coil. Many other forms of reversing-switch have 
been devised ; one, much used as a key for telegraphic 
signalling, is drawn in Fig. 271. 



Pig. 136. 


231. Luminous Effects of Induction Sparks. — 

The induction coil furnishes a rapid succession of sparks 
with which all the effects of disruptive discharge may be 
studied. These sparks differ only in degree from those 
furnished by friction machines and by Leyden jars (see 
Lesson XXIY. on Phenomena of Dischafge). 

For studying discharge through glass vessels and tubes 
from which the air has been partially exhausted, the 
coil is very useful. Fig. 137 illustrates one of the 
many beautiful effects which can be obtained, the 


232. Induction Currents from Earth’s Mag- 
netism. — It is easy to obtain induced currents from the 
earth’s magnetism. A coil of 
fine wire joined to a sensitive 
galvanometer, when suddenly 
inverted, cuts the lines of the 
earth’s magnetism, and in- 
duces a current. 

Faraday, indeed, applied 
this method to investigate the 
direction and number of mag- 
netic lines. If a small wire 
coil be joined in circuit with a 
suitable galvanometer having 
a heavy needle, and the little 
coil be suddenly inverted 
while in a magnetic field, it 
will cut twice all the lines that 
pass through its own area, and 
the sine of half the angle of 
the first swing (Art. 418) will 
be proportional to the number 
of lines cut ; for with a slow- 
moving needle, the total 
quantity of electricity that 
flows through the coils will 
be the integral whole of all 
the separate quantities con- 
veyed by the induced currents, 
137 ~ strong or weak, which flow 

round the circuit during the 
rapid process of cutting the lines. The little exploring coil 
acts therefore as a magnetic proofs lane. For small deflexions 
the first swing may be taken as a sufficient approximation 
instead of the sine of half the angle (see Art. 418). 

Tf the circuit he moved mrallel to itself across a irni- 




for just as many magnetic lines will be cut in moving 
ahead in front as are left behind. There will be no cur- 
rent in a wire moved parallel to itself along a line of 
force ; nor, if it lie along such a line while a current 
is sent through it, will it experience any mechanical 
force. 

233. Earth Currents. — The variations of the 
earth’s magnetism, mentioned in Lesson XII., alter the 
number of magnetic lines which pass through the tele- 
graphic circuits, and hence induce in them disturbances 
which are known as “ earth currents.” During magnetic 
storms the earth currents on the British lines of tele- 
graph have been known to attain a strength of 40 milli- 
amperes, which is stronger than the usual working cur- 
rents. Feeble earth currents are observed every day, 
and are more or less periodic in character. 


Lesson XIX. — Chemical Actions of Currents 

234. Conducting Properties of Liquids. — In 
addition to the chemical actions inside the cells of the 
battery, which always accompany the production of a 
current, there are also chemical actions produced outside 
the battery when the current is caused to pass through 
certain liquids. Liquids may be divided into three 
classes — (1) those which do not conduct at all , such as 
turpentine and many oils, particularly petroleum ; (2) 
those which conduct without decomposition , viz. mercury 
and other molten metals, which conduct just as solid 
metals do ; (3) those which are decomposed when they con- 
duct a current , viz. the dilute acids, solutions of metallic 
salts, and certain fused solid compounds. 

235. Decomposition of Water. — In the year 
1800 Carlisle and Nicholson discovered that the voltaic 
current could be passed through water, and that in pass- 
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its constituent pises. 'These pises appeared in bubbles 
on the ends of the wires which led the current into and 
out of the. liquid ; bubbles off hnjtjen gas appearing at the 
point where, the current entered the liquid* and hijdrtnjtn 
bubbles whore it left the liquid. It was soon found that 
a great many other liquids, particularly dilute acids and 
solutions of metallic salts, could bo similarly decomposed 
by passing a current through them. 

288. Electrolysis.- * -To this process of decomposing 
a liquid by means of an electric current Faraday gave 
the. name of electrolysis (i>. electric analysis) • and 
those substances which are capable of being thus deoum 
posed or a electrolyzed n he termed electrolytes. 

The ends of the wires leading from and to the battery 
are called electrodes; and to distinguish them, that by 
which the. current enters is willed the anode, that by 
which it leaves the kathode, Thu vessel in which a 
liquid is placed for electrolysis is termed an r/rW/WigiV 
tr.il. 

237, Electrolysis of Water. Returning to the 
decomposition of water, we may remark that perfectly 
pure water appears not to conduct, but its redstuuco is 
greatly reduced by the. addition of a few drops of mil 
phurie or hydrochloric, acid. 'The. apparatus shown in 
Fig. 138 is suitable for this purpose. Here a battery of 
two cells (those shown are circular Bunsen’s cells) i* seen 
with its poles connected to two strips of metallic platinum 
as electrodes, which project, up into a vessel containing 
the acidulated water. Two tubes closed at one end, 
which have been previously filled with water and in- 
verted, receive the gases evolved at the electrodes. 
Platinum is preferred to other metals such uh copper or 
iron for electrodes, since it is less oxidiftihlo and resist* 
every acid. Ft is found that there is almost exue tly f iciiv 



produced by combining together these two gases in the 
proportion of two volumes of the former to one of the 
latter. The proportions of gases evolved, however, are 
not exactly two to one, for at first a very small quantity 
of the hydrogen is absorbed or “ occluded n by the 
platinum surface, while a more considerable proportion 
of the oxygen — about 1 per cent — is given off in the 



Fig. 13S. 


denser allotropic form of ozone, which occupies less space 
and is also slightly soluble in the water. When a 
sufficient amount of the gases has been evolved and 
collected they may be tested ; the hydrogen by showing 
that it will burn, the oxygen by its causing a glowing 
spark on the end of a splinter of wood to burst into 
flame. If the two gases are collected together in a 
common receiver, the mixed gas will be found to possess 
the well-known explosive property of mixed hydrogen 
and oxygen gases. The chemical decomposition is ex- 
pressed in the following equation ; 

ILO - H, 


O 



288, Bleotrolysis of Sulphate* of Cop pur, W» 
will take as another cjihc the t'lcctroJvHw **f n M*liith»ti »«f 
the well-known *Mdue vitriol ’’ *»r mdplmte t.f r<*pp r r, If 
a few oryatnls of this nubfUanee are diwtdvcd in water 
a blue liquid w obtained, which U entity dec truly ml 
between two electrodes of platinum foil, by the current 
from a single cell of any ordinary battery. The rhomb #*! 
formula for sulphate of copper in t 'uSH^, The result oi 
the electrolysis is to split it uj* ini* * fuu jhiiIh, Metallic 
copper m carried forward by tin* current and deported 
in ft film upon the kathode, leaiing behind at the an**dc 
u Kulphion,’' an easily decomposed compound of sulphur 
and oxygen, wliieh in immediately acted upon by the 
water form i no nulphurie acid and owuyin Thin oxygen 
in liberated in bubble* nt the anode, The chemical 
changes art* thus expressed : 

(•uH 0 4 <’n i St»j 

Hitigriutit* t*f C V*j*|*»*r tuHViiii*** Aid ; 

so., + H_,i) f ct 

Hutjihleu lout Wiitei* Sttt|4ttn H* a# , i ! <m«4 i **)? #**»». 

In thin way, an the current continue#* h» flow, copp-rt 
in continually withdrawn from the Ibpiid and ib*po»ited 
on the kathode, and the liquid gets more and more and. 
If copper tdeetrmlim arc ttml, instead of platinum, tm 
oxygen in given off at the amnio, but the e«>p|«*r inode 
itflolf dissolves away into the Ittjuid at exactly the name 
rate m the cupper of the Ibpiid if* dt'jHMtUul «*n the 
kathode, 

239, Anionn and Katicm*. The nUm* whkh 
thus arc Hovered from one another and carried mvm^ty 
by the current to the deetmden, and there dejmdted, 
are obviously of two diuweH ; snmn nre left luddinl nt the 
anode, others are carried forward to the kathode, Flint = 
day gave the name of Ions t*» them* wandering ntititi# * 


regarded as “ electron egative,” because they move as if 
attracted toward the + pole of the battery, while the 
kations are regarded as “ electropositive.” Hydrogen 
and the metals are kations, moving apparently with the 
direction assumed as that of the current, and are de- 
posited where the current leaves the electrolytic cell. 
The anions are oxygen, chlorine, etc. When, for ex- 
ample, chloride of tin is electrolyzed, metallic tin is 
deposited on the kathode, and chlorine gas is evolved at 
the anode. 

240. Quantitative Laws of Electrolysis. 

(i.) The amount of chemical action is equal at all points 
of a circuit. If two or more electrolytic cells are placed 
at different points of a simple circuit the amount of 
chemical action will be the same in all, for the same 
quantity of electricity flows past every point of the circuit 
in the same time. If all these cells contain acidulated 
water, the quantity, for example, of hydrogen set free in 
each will be the same ; or, if they contain a solution of 
sulphate of copper, identical quantities of copper will be 
deposited in each. If some of the cells contain acidu- 
lated water, and others contain sulphate of copper, the 
weights of hydrogen and of copper will not be equal , but 
will be in chemically equivalent quantities. 

(ii.) The amount of an ion liberated at an electrode in 
a given time is proportional to the strength of the current. 
A current of two amperes will cause just twice the quantity 
of chemical decomposition to take place as a current of 
one ampere would do in the same time. 

(iii.) The amount of an ion liberated at an electrode in 
one second is equal to the strength of the current multiplied 
by the “ electro-chemical equivalent ” of the ion. It has been 
found by experiment that the passage of one coulomb of 
electricity through water liberates *000010384 gramme 
of hydrogen. Hence, a current the strength of which is 
C (amveres) will liberate C x *000010384 grammes of 



calUnl the* riretroch^mmti rtfuimtmt «*f hy*Iru^i*n # The 
4< ekotmehemirni equivalent*” of other elements mu U* 
eawily calculated if their chemical u equivalent n m known. 
TJiuh the chemical ** equivalent ’* * «»f rtqq&tT in ;i I -Ml ; 
multiplying thin hy *M)0Olu;iHl we get m t elertr** 
chemical equivalent of value *(#uo3 Si ^ i 

(gramme). 
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241, Woitfht of Rlomont ctapottltotl. -The fol- 
hnving equation t*ml itwliim tin* rule lV»r finding the weight 
of any given inn disengaged from an electrolytic solution 
during a known time h y a current of known strength. 
Let 1 1 he the current (reckoned in umpm#\ i the time (in 
tfeeunds)* z the elect rnehemiml equivalent, and w the 
weight tin grammes) of the element liberated ; then 

ip ( V , 

or, in words, th* wdtjhi (in grammes) of an rUment deptmUd 
hij rl*rirt*lt(m u found % multiphjhuj ih tdfctrm'haniad 
mptimhmt htj thr »tfnujlh of thr eunrnt (in amperes), and hy 
thr dim (in seconds) during whuh the aimmt cmiinum ta 

KXAMrhlt, A current from live Daniel! St cells was panned 
through two electrolytic celts, one eoiiUlniiig a solution 
of silver, the other acidulated water, for ten minutes, 
A tangent galvanometer in the circuit showed the 
strength of the current to he *f* timjjw* w, The weight 
of silver dejwiuited will he 0*001! 18 X *fi x 10 x t!CI 
"v' ( (Pthlfel gramme. The weight of hydrogen evolved 
in the second cell will tie *0000100^4 n *0 x 10 n *10 
«■' 0*00011 & gramme, 

242, Voltfundtorii.-»Thfli wwmni of the nlmvo laws, 
that the amount of an ion Him rated in a given time la 
proportional to the current, ix aoimdimea known uh f«m» 
da t/u /,rtir t from itn discoverer, Faraday pointed out 
that it affords a chemical means of meammug currents. 
He gave the name of voltamotor to an electrolytic cell 
arranged for the purpose of measuring the current hy the 
amount of chemical action it idfeeta. 

243, Water - Voltamotor.—Th« appamtui nhown 
in Fig. 13H might \m appropriately termed a Water- 


itniii of copper replaces, »»r I* 11 worth,** tm* atom* of hydrogen \ heart* the 
weight or cmnimit mumfom t« I nf hydrogen j* V - »IL la nil mmm the 



Voltameter, provided the tubes to collect the gases be 
graduated, so as to measure the quantities evolved. The 
weight of each measured cubic centimetre of hydrogen 
(at the standard temperature of 0° CL, and pressure of 
760 millims.) is known to he *00008988 grammes. Hence, 
if the number of cubic centimetres liberated during a 
given time by a current of unknown strength be ascer- 
tained, the mean strength of the current can be calculated 
by first reducing the volume to weight, and then divid- 
ing by the electrochemical equivalent, and by the time. 
Each coulomb of electricity liberates in its flow *1155 
cubic centimetres of hydrogen, and *0577 c.c. of oxygen. 
If these gases are collected together in a mixed-gas volta- 
meter there will be *1732 c.c. of the mixed gases evolved 
for every coulomb of electricity which passes. To decom- 
pose 9 grammes of water, liberating 1 gramme of H and 
8 grammes of O, requires 96,302 coulombs to be sent 
through the liquid, with an electromotive force of at least 
1*47 volts (see Art. 487). 

244. Copper and Silver Voltameters. — As 
mentioned above, if sulphate of copper is electrolyzed 
between two electrodes of copper, the anode is slowly 
dissolved, and the kathode receives an equal quantity of 
copper as a deposit on its surface. One coulomb of elec- 
tricity will cause *0003281 gramme to be deposited ; and 
to deposit one gramme weight requires a total quantity 
of 3048 coulombs to flow through the electrodes. A cur- 
rent of one ampere deposits in one hour 1*177 grammes 
of copper, or 4*0248 grammes of silver. 

By weighing one of the electrodes before and after 
the passage of a current, the gain (or loss) will be pro- 
portional to the quantity of electricity that has passed. 
In 1879 Edison, the inventor, applied this method for 
measuring the quantity of electricity supplied to houses 
for electric lights in them ; a small copper voltameter 

hein.or nlacfid in a hranp.h nf fhft pirwmt wTnVh smTvnlip.d 



supply meters have been proposed, having clockwork 
counters, rolling integrating disks, and other mechanical 
devices to add np the total quantity of electricity con- 
veyed by the current (see Art. 442). 

245. Comparison of Voltameters with. Gal- 
vanometers. — It will be seen that both Galvanometers 
and Voltameters are intended to measure the strength of 
currents, one by magnetic, the other by chemical means. 
Faraday demonstrated that the magnetic and the chemical 
actions of a current are pro- 
portional to one another. 

In Fig. 139 is shown a 
circuit that is branched so 
that the current divides, 
part going through a branch 
of small resistance r and 
part through a branch of 
larger resistance R. The 
current will divide, the 
greater part going by the 
path of lesser resistance. 

Three amperemeters are 
used. It will be found 
that the number of amperes 
in the main circuit is equal to the sum of the amperes 
in the two branches. In Fig. 140 the three ampere- 
meters have been replaced by three copper voltameters. 
The weight of copper deposited in the voltameter A in 
the main circuit will be found to be equal to the sum of 
the weights deposited in B and 0 in the two branches. 
A galvanometer shows, however, the strength of the cur- 
rent at any moment, and its variations in strength from 
one moment to' another, by the position of the needle. 
In a voltameter, a varying current may liberate the 
atoms of copper or the bubbles of gas rapidly at one 
moment, and slowly the next, but all the varying quan- 

+i4-ickO urUl Ua ei-mrvlxr arlrlarl at* in fnf.nl TriAlrl 
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Fig. 140. 



In fact, the voltameter gives ns the “ time integral ” of 
the current. It tells us what quantity of electricity has 
flowed through it during the experiment, rather than how 
strong the current was at any one moment. 

246. Chemical Test for Weak Currents. — A 
very feeble current suffices to produce a perceptible 
amount of change in certain chemical substances. If 
a few crystals of the white salt iodide of potassium are 
dissolved in water, and then a little starch paste is added, 
a very sensitive electrolyte is obtained, which turns to 
a dark blue colour at the anode when a very weak 
current passes through it. The decomposition of the 
salt liberates iodine at the anode, which, acting on the 
starch, forms a coloured compound. White blotting- 
paper, dipped into the prepared liquid, and then laid on 
the kathode and touched by the anode, affords a con- 
venient way of examining the discoloration due to a 
current. A solution of ferrocyanide of potassium affords 
when using an anode of iron the well-known tint of 
Prussian blue. Bain proposed to utilize this in a 
Chemical Writing Telegraph, the short and long currents 
transmitted along the line being thus recorded in blue 
marks on a strip of prepared paper, drawn along by clock- 
work under an iron stylus joined to the positive wire. 
Faraday showed that chemical discoloration of paper 
moistened with starch and iodide of potassium was pro- 
duced by the passage of electricity from sources of all 
different kinds — frictional, voltaic, thermo-electric, and 
magneto-electric, — even by that evolved by the Torpedo 
and the G-ymnotus. In fact, he relied on this chemical 
test as one proof of the identity of the different kinds. 

247. Internal and External Actions. — In an 
earlier lesson it was shown that the quantity of chemical 
action inside the cells of the battery was proportional to 
the current. Hence, Law (i.) of Art. 240 applies both 
to the portion of the circuit within the battery and to 



Suppose 3 Darnell’s cells are "being employed to decompose 
water in a voltameter. Then while 1 gramme weight (11,126 cub. 
centims.) of hydrogen and 8 grammes (5563 c.c.) of oxygen 
are set free in the voltameter, 31*5 grammes of copper will be 
deposited in each cell of the battery, and (neglecting loss by local 
action) 32*5 grammes of zinc will be dissolved in each cell. 

248. Reversibility. — It will therefore be evident 
that the electrolytic cell is the converse of the voltaic cell. 
The chemical work done in the voltaic cell furnishes the 
energy of the current which that cell sets up in the 
circuit. In the electrolytic cell chemical work is per- 
formed, the necessary energy being furnished by the cur- 
rent of electricity which is 
sent into the cell from an 
independent battery or 
other source. It is im- 
portant to note the bearing 
of this with respect to the 
energy of the circuit. Sup- 
pose a current of strength 
C to flow through a cell of 
which the electromotive- 
force is E, and which acts 
in the same direction as 
the current. The energy 
given to the circuit per second by this cell will be (Art. 
435) the product of C and E ; the chemical energy of 
the voltaic cell entering the circuit at the place where 
the chemical action is going on. In Fig. 141 the current 
is indicated by the arrows with thick shafts, the electro- 
motive-force by the feathered arrow. For example, if 
10 amperes flow through a Daniell cell acting with IT 
volts of electromotive-force, the power given out by the 
cell is 11 watts (Art. 435). But if the cell be so con- 
nected into the circuit, as in Case II. of Fig. 141, that 
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EMF helps current. 
Energy enters circuit. 



EMF opposes current. 
Energy leaues circuit. 


Fig. 141. 



will be the product of 0 and - E, or - CE, the negative 
sign indicating that the circuit is losing energy, part of 
its energy being absorbed in the cell in doing chemical 
work. If the current is sent backwards through a Daniell 
cell the chemical processes are reversed, copper is dissolved 
and zinc is deposited. But all cells are not reversible in 
their chemical action. 

■ A theory of electrolysis, and some examples of its 
application, are given in Art. 488 on Electro-chemistry. 


Lesson XX . — Physical and Physiological Effects of the 
Current 

249. Molecular Actions. — Metal conductors, when 
subjected to the prolonged action of currents, undergo 
slow molecular changes. Wires of copper and brass 
gradually become brittle under its influence. During 
the passage of the current through metallic wires their 
cohesion is temporarily lessened, and there also appears 
to be a decrease in their coefficient of elasticity. It was 
thought by Edlund that a definite elongation could be 
observed in strained wires when a current was passed 
through them ; but it has not yet been satisfactorily 
shown that this elongation is independent of the elonga- 
tion due to the heating of the wire owing to the resistance 
it opposes to the current. 

250. Electric Osmose. — Porret observed that if a 
strong current is led into certain liquids, as if to electro- 
lyze them, a porous partition being placed between the 
electrodes, the current mechanically carries part of the 
liquid through the porous diaphragm, so that the liquid 
is forced up to a higher level on one side than on the 
other. This phenomenon, known as electric osmose, is 
most manifest when badly- conducting liquids, such as 
alcohol and bisulnhide of carbon, are used. The transfer 



the current ; that is to say, the liquid is higher about 
the kathode than round the anode. 

251. Electric Distillation. — Closely connected 
with the preceding phenomenon is that of the electric 
distillation of liquids. It was noticed by Beccaria that 
an electrified liquid evaporated more rapidly than one 
not electrified. Gernez has recently shown that in a 
bent closed tube, containing two portions of liquid, one 
of which is made highly + and the other highly — , the 
liquid passes over from + to — . This apparent distilla- 
tion is not due to difference of temperature, nor does it 
depend on the extent of surface exposed, but is effected 
by a slow creeping of the liquid along the interior surface 
of the glass tubes. Bad conductors, such as turpentine, 
do not thus pass over. 

252. Diaphragm Currents. — Professor Quincke 
discovered that a current is set up in a liquid when it is 
forced by pressure through a porous diaphragm. This 
phenomenon may be regarded as the converse of electric 
osmose. The E.M.P. of the current varies with the 
pressure and with the nature of the diaphragm. When 
water was forced at a pressure of one atmosphere 
through sulphur, the difference of potential was over 9 
volts. With diaphragms of porcelain and bladder the 
differences were only *35 and 4 01 volts respectively. 

253. Electro- Capillary Phenomena. — If a hori- 
zontal glass tube, turned up at the ends, be filled with 
dilute acid, and a single drop of mercury be placed at 
about the middle of the tube, the passage of a current 
through the tube will cause the drop to move along 
towards the negative pole. It is believed that the 
liberation of very small quantities of gas by electrolysis at 
the surface where the mercury and acid meet alters the 
surface-tension very considerably, and thus a movement 
results from the capillary forces. Lippmann, Dewar, 
and others have constructed unon this nrincinle camllarv 



ia made, to balance the elect rocapillan f* •!*»**■ r%riir4 #il 
the surface of contact of un rein y mni dilute mod, tin* 
electro “Capillary force tain# nearly ph*|*'i*to»iiu} n» tin* 
electromotive-force when this d**v*» tn»t r\»*r»-d > ao* % » *1 1 . 
Fig, 142 shows the capillary «*h » finmK. r *4 1 Vw ar 

A glass tube rests hori/onUtty Wlw* < n f a » » gbi-e* 4o*hr,?» 



tin, U,’, 


in which holes have Wu bored n» receive the end;* of 
the tube. It is filled with mercury* and « single drop 
of dilute acid ia placed in the tuW, FUnutinj wire.# to 
serve as electrodes dip info the riiercnrv m the 4t«h*m 
An E.M.F. of only n ^0 Volt suffice# to pr**lm-e a iionwur 
able displacement <4 the drop, The direction *4 the 
displacement varies with that of the current 

254. Physiological Actions, t hi r rent# *4 *4iw- 
tricity panned through the limb# affect the «»rrvr* with 
certain painful mmwit i«*tus and eatiw the fmndn» to 
undergo involuntary contractions, The midden nu»h of 
even a small charge of elect rirtty from a I *r>dm» j#r 
charged to a high potential, or from an in 4 u*to*n *m| 
(see Fig. ISA), gives a sharp and painful #W 1 - to the 
system. The current from a few strong Ur*wr'» rrdU, 
conveyed through the body by grasping the t«rmitu»!« 
with moistened hands, gives a very different hind «»f 
sensation, not at nil agreeable, of n prickling in flin joints 
of the arms and shoulders, but not pruduriiig any 
spasmodic contractions, except it \m m tmvm# «r 
waaklv nersons. at the Httdd«*tt vn»fc t*..* 



siderable resistance, and that the difference of potential 
in the former case may be many thousands of volts ; 
hence, though the actual quantity stored up in the 
Leyden jar is very small, its very high E.M.F. enables 
it at once to overcome the resistance. The battery, 
although it might, when working through a good con- 
ductor, afford in one second a thousand times as much 
electricity, cannot, when working through the high re- 
sistance of the body, transmit more than a small fraction, 
owing to its limited E.M.F. 

After the discovery of the shock of the Leyden jar by 
Cunaeus in 1745 many experiments were tried. Louis 
XV. of France caused an electric shock from a battery of 
Leyden jars to be administered to 700 Carthusian monks 
joined hand in hand, with prodigious effect. Franklin 
killed a turkey by a shock from a Leyden jar. 

In 1752 Sulzer remarked that “if you join two 
pieces of lead and silver, and then lay them upon the 
tongue, you will notice a certain taste resembling that of 
green vitriol, while each piece apart produces no such 
sensation.” This galvanic taste, not then suspected 
to have any connexion with electricity, may be ex- 
perienced by placing a silver coin on the tongue and a 
steel pen under it, the edges of them being then brought 
into metallic contact. The same taste is noticed if the 
two wires from the poles of a single voltaic cell are placed 
in contact with the tongue. 

Bitter discovered that a feeble current transmitted 
through the eyeball produces the sensation as of a bright 
flash of light by its sudden stimulation of the optic nerve. 
A stronger current transmitted by means of moistened 
conductors attached to the battery terminals gave a sensa- 
tion of blue and green colours in flowing between the 
forehead and the hand. Von Helmholtz, repeating this 
experiment, observed only a wild rush of colour. Dr. 
Hunter saw flashes of light when a piece of metal placed 



muvui u u.vmi t «** i unit illPl ;mn i 

heard musical sounds when n mrivul was passed | hrmtgh 
the earn ; and Humholdt found a mniHatioti to !*c 
in tin* organs of smell when a current was j tinned from the 
nostril to tin* soft |Ktl<ih\ Knch of the *|N't*iali/rd «rn«ra 
can l»c stimulated into activity hy the cun cut, Man 
| m no specialized sense f*»r the |H'ivcjitiott of tdeetnenl 
forces, an he does for light amt i « < r sound ; tail there is u»« 
reason tor denying the possibility tha! m«i»io *»f the hover 
creatures may he endowed with a special electrical sense. 

Tim following experiment nhow* tin* Hthrt of feeble 
currents mi cohl blooded creaturcii, If a eM|»|.*>r or ^thrf] 
coin he laid on a piece of she»*t /im\ nml a common garden 
Himil In* set to crawl n\«*r tin* /tins ilitvctlv it nniti«vt into 
contact with the copper it will suddenly pull m ita horns* 
and alirink in it a lowly. If it i* wet to crawl over two 
copper wires, which are then placed in contact with a 
fcchle vultaie cell* it immediately announces the establish 
incut of a current hv a similar contraction* 

266. Muscular Contractions, In l«7« Swam- 
merdam showed to the Grand 1 hike of Tuftrntty that when 
a portion of muscle of a frag 1 * leg hanging by a thread of 
nerve hound with tulver wire was held over a copper 
support, m that both nerve and wire touched the ropjter, 
tlie muscle immediately run true ted. Morn than a century 
later Galvanic attention waa drawn to the subject by 
hm observation of sjummodin contraction* in the legs «»f 
freshly -killed frogs under the influence of the ** return 
shock experienced every time a iiuighlxniriiijf electric 
machine wiw discharged. Unaware of Hwanimerdam*#* 
experiment, he discovered in 1 7H*I the fart (alluded to in 
Art. 103 an leading ultimately to the ilwmvety of the 
Voltaic Pile) that when nerve and munch? touch two 
dissimilar metals in contact with **tw another a eoiitrao- 
tion of the muscle takes place. Tin? limbi* of th« frog, 

It will scarcely I* er*’«hie«t that a ceriatlp *t*»l**« All* mm §*r*>-> 


repared as directed by Galvani, are shown, in Fig. 143. 
^ter the animal has been killed the hind limbs are 
etaclied and skinned ; the crnral nerves and their attach- 
ments to the lumbar vertebrae remaining. For some 
ours after death the- limbs retain their contractile power. 
?he frog’s limbs thus prepared form an excessively delicate 
alvaixoscope : with them, for example, the excessively 



Fig, 143. 


lelicate induction-currents of the telephone (Lesson LIII.) 
;an be shown, though the most sensitive galvanometers 
oarely detect them. Galvani and Aldini proved that 
other creatures undergo like effects. With a pile of 100 
oairs Aldini experimented on newly-killed sheep, oxen, 
md rabbits, and found them to suffer spasmodic muscular 
oontractions. Humboldt proved the same on fishes ; and 
2anotti, by sending a current through a newly -killed 


and luti*r Dr, l * re of Ulasgow, r\p*t mound **»» the I** *diei 
of executed criminal*, with a *n i* rriM»- X * h«di«dd. 
Tim facial muscle* uitdrrwr Til h -mbh r..nt.vr!um*, amt 
the chest heaved with the «*oii!racti.»n *4 f hi* diaphragm. 
The Hinall munch'* ntta< In d t«* thu r» «»t* *d th*- h,ui*of f li«- 
hem! appear to he markedly »»*ip»itiv«- l** *•!»■* ii u at »'**u 
tilt ions from the readim with which * 1« > u jji* ainm nmm'n 
the hair to Maud on end, 

The resistance of the human l»*dy t*> sh«* sb-n -d « h » t s i . 
current through it depend* mainly «m ?h« -Inih vi >4 tL»* 
nk in* It may vary front Dhooo «t*»w n !•* d**o .-Ae.-.i «hm 
the nkiu in timid. Fr«»m experiment made m Am* i ,« s * 
in connexion with the rxi-mtmn **( < mum do, >t u a.<t 
found that the average resudam^ of tlo* Imtnei t*»*dv n 
2500 t»hnu% and that IIOUO o»U^rtt.‘iliug< \*Au applied 
between the head and apitie ranged nn’.to death 

A current of tia nuudi m «Jt> tmih im|« ren j'h«ju» » i 
terrible tnuwuhir contraction*, whild a nuroj t »d ;t 
ampere* traversing a vital part i* ulumd ^-%uimh f Ual 
The effect of the current U tw«* fold ; id the !*r»i phi*-** it 
acts upon the nerves ranging «pa*m* t #.er*.»ndly st d<'4 1 *** v 
the tissue either hy burning «»r by idr^tiot) »?*., the hb«4 
becoming coagulated. To a |* m*»ti who ha.* keen 

rendered iliac mu hie by an idectrn* dio't, alt the owmi? 
restorative* should he lined m for a di'*wm-d, 

250. Oondltlonm of Mufttmlnr Oontmoil * m T* * 
produce lmUKUitar contraction the current mml ira%rr«r a 
portion of the nerve longitudinally In a freshly prepared 
frog the current eiutwea a contraction onh limmi-ntardy 
when the circuit is made or broken, A ntptdly sM*-uypt*4 
current will induce n second *<***1 notion t« 4 - isrc! tho Hi^t 
him had time to pa* off, ami the mu** I* tmy #*%hsbd ilnm 
a continuous eontmetiou n ^mlduig uimm*. The 
fn.)g after a short time bernmm !«** jttfiattivo, mid « 

‘‘direct” currant (that lai fit IftftV him t *£&*«..&& ft Hoi* M K I.. ... 


current only produces m effect when the circuit in broken. 
Mattoueei, who observed thin, also discovered by experh 
meats on living animals that there in a distinction between 
the conductivity of sensory and motor nerves, a u direct 11 
currant affecting the motor nerves on making the circuit, 
and the sensory nerves on breaking it ; while an u inverae” 
current produced inverse results. Little is, however, yet 
known of the conditions of conductivity of the matter of 
the nerves; they conduct better than muscular tissue, 
cartilage, or bone ; but of all substances in the body the 
blood conducts beat. Powerful currents doubtless electro- 
lyssa the blood to some extent, coagulating it. and the 
albumin it contains. The power of cant met iiuj under the 
influence of the current appears to be a distinguishing 
property of protoplasm wherever it swum The unnehn, 
the most structureless of organisms, sutlers eout ructions. 
Hitter discovered that the mimtiiv plant shuts up when 
electrified, and Burden Sanderson has shown that this 
property extends to other vegetables, being exhibited 
by the mrnmmnw plant , the Dionrea or Venus's Fly 
Trap. 

257. Animal Electricity,— Although, in hit Inter 
writings at least, Ualvanl admitted that the electricity 
thus operating arose from the metals employed, he insisted 
on the existence of an animal dtrtricity resident hi the 
muscular and nervous structures, lie showed that eon- 
tmeLimm could be produced without using any metals at 
all by merely touching a nerve at two di Hereof points 
along its length with a monad of muscle cut from a living 
frog ; and tlmt a conductor of one metal when joining a 
nerve to a muscle also sufficed to muse contraction in the 
latter, (lid van! and Aldini regarded these facta m a 
disproof of Volta's contact theory, Volta regarded them 
us proving tlmt the contact between nerve and muscle 
itself produced (as in the ease of two dissimilar metals) 



lively connected 1>y a water-contact with the terminals of 
a delicate galvanometer, a current in produced which lasts 
several hours : lie even arranged a number of frogs’ legs 
in series, like the (‘ells of a battery, and thus increased the 
current. Matteueei showed that through the muscle alone 
there may be an ilectromotivo-force, Du Hois Keynumd 
lias shown that if the end of a muscle be cut across, the 
ends of the muscular fibres of the transverse section are 
negative, and the sides of the muscular fibres an* positive, 
and that this difference of potential will produce a current 
even while the muscle is at rest. To demount rate this he 
employed a fine astatic, galvanometer with £o,ono turns 
of wire in its coils ; and to obviate, error* arising from the 
contact of the. ends of the wires with the tissues, unputari.> 
able, electrodes were used, made by plunging terminal zinc 
points into a saturated solution of sulphate of zinc, con- 
tained in a fine glass tube, the end of which was stopped 
with a porous plug of moistened china day. Normal 
muscle at rest shows no current whatever between its 
parts. Injured muscle at rest shows a current from the 
injured toward the uninjured part (returning toward the 
injured part through the galvanometer). Normal muscle 
when active shows a current from the active part toward 
the resting part Du Bois Heymoml obtained currents 
from his own muscles by dipping the tips of bis fore- 
fingers into two cups of salt water communicating with the 
galvanometer terminals. A sudden contraction of the 
muscles of either arm produced a current from tint con- 
tracted toward the xmcoutraeted muscles. Dewar has 
shown that when light falls upon the retina of the eye 
an electric current is set up in the optic nerve. In the 
skin, and especially in the skin of the common eel, there 
is an electromotive-force from without inwards, 

268 , Surgioal Applications, — Electric currents 
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Since tlie discovery of the Leyden jar many attempts have 
been made to establish an electrical medical treatment. 
Discontinuous currents, particularly those furnished by 
small induction-coils and magneto-electric machines, are 
employed by practitioners to stimulate the nerves in 
paralysis and other affections. Electric currents should 
not be used at all except with great care, and under the 
direction of regularly-trained surgeons. It is not out of 
place to enter an earnest caution on this head against the 
numerous quack doctors who deceive the unwary with 
magnetic and galvanic £< appliances.” In many cases 
these much -advertised shams have done incalculable 
harm : in the very few cases where some fancied good 
has accrued, the curative agent is probably not magnetism, 
but flannel ! 

The usual pathological dose of current is from 2 to 1 0 
milliamperes. Apparatus pretending to cure, and incapable 
of furnishing such currents, is worthless. Continuous 
currents appear to produce a sedative effect around the 
anode, which is of service in neuralgia and painful affec- 
tions, and an increase in irritability around the kathode, 
useful in cases of paralysis. The continuous current is 
also employed electrolytically to disperse tumours. Alter- 
nate currents, and rapidly interrupted uni -directional 
currents stimulate the nerves. 
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CHART KR IV 

KLK(THOHTATH*H 

Lksson XXL -Theory of Potential 

259 . By the lessons in Chapter I. the student will 
Lave obtained Home elementary notions upon the exist* 
once and measurement of definite quantities of electricity. 
In the present lesson, which is both one of the hardest 
and one of the most important to tins beginner,, ami 
which he must therefore study the more carefully, the 
laws which concern the magnitude of electrical quantities 
and their measurement are more fully explained. In no 
branch of knowledge is it more true than in electricity, 
that “ science is measurement.” That part of the science 
of electricity which deals with the measurement of 
charges of electricity is called Blaotroftt&tlos, We 
shall begin by discussing first the simple lawn of electric 


Lesson L Though familiar to tin* student, and apparent ly 
simple, these facta require for their complete explanation 
the aid of advanced mathematical analysis, They will 
here he treated an wimple facta of observation, 

201. Second Law of Bleotrostatlos, - The farce 
exerted between tiro charges of elect rieit if (supposing them 
to ho collected at points or on two small spheres) u directly 
proportional to their product , and ‘inversely proportional to 
the square of t hr distance bet treat them . Thin law, discovered 
by Coulomb, and allied (Nnilonibs haw, wan briefly alluded 
to (on p. 21) in the neeouut of experiment* made with 
the torsion-balanee ; and example* were there given in 
illustration of both parts of the law. We saw, too, that 
a similar law hold good for the forces exerted between 
two magnetic, point poles, (‘otdomb applied also the 
method of oscillations to verify tin* indications of the 
torsion -balance and found the results entirely continued, 
We may express the two rlnuaes of ( 'oulomhV l*uw in the 
following symbolic manner, bet / stand for the force* q 
for the quantity of electricity in one of the two charges, 
and f/j for that of the other charge, and let r stand for 
the distance between them. Then, 

(1) / in proportional to q x q\ 

and (2) / is proportional to \* 

r* 

These two expressions may be combined into one • 
and it is most, convenient so to choose <mr nutf* or 
standards of measurement that we may write our symbols 
as an equation : 

r ** v tf \ 

/ r i 

2Q2. Unit of Bleotrio Quantity.--- If we are, 
however, to write this us itti rnmilitv It, U *!.»« u ... 


Electricians of all nations have agreed in adopting a 
system which is based upon three fundamental units ; 
viz. the Centimetre for u unit of hnyth ; the Gramme 
for a unit of mass ; the Second for a unit of time, All 
other units ran he derived from these, m in explained 
in the note at the end of thin lesson. Now, amongst 
the derived units of thin system in the unit of /are, 
named the Dyno, which is that force which, acting for 
one second on a mass of one gramme, imparts to it 
a velocity of one centimetre per second. Taking the 
dyne then as the unit of force, and the centimetre nn the 
unit of length (or distance*, we must fuel a unit of electric 
quantity to agree with these in our equation. It is quite 
clear that if </, q\ and r were each made equal to I (that 
is, if we took two charges of value 1 each, and placed 

them one centimetre apart), the value of f/ would he 
1x1 

which is equal to 1, Hence we adopt, nn our 

Definition of a Unit of Electricity / die following, which 
we briefly gave at the end of Lesson II, Une Unit of 
Electricity is that quantity which % when placed at a distance 
of one centimetre (in air) from a similar and equal quantity, 
repels it with a force of one dyne. 

An example will aid the student to understand the 
application of Coulomb’s Law, 


Example..— ‘ Two small spheres, charged r*mf«*itm*Iy with 
6 units and 8 units of A- uhsetrhdty, are placed A centi- 
metrus apart ; find what force they exert «m mm 

another. By the formula, / \ * we Hud / ^ 


0x8 48 

4 » 10 


8 dynes. 


Tha force in the above example would clearly be it 

*\C nn,,,,!. It., t ....... *• . i * * 


negative, the product q x q would have had a — value, 
and the answer would have come out as minus 3 dynes. 
The presence of the negative sign, therefore, prefixed to a 
force, will indicate that it is a force of attraction , whilst 
the + sign would signify a force of repulsion. 

The intensity of an electric field (Art. 266) being 
measured by the force it exerts on a unit charge, it at once 
follows that at a distance of r (in air) from a charge q the 
intensity of the electric field due to that charge will be qjr 2 . 
If the intervening medium be not air, but have a specific 
dielectric capacity 7c, the field will be only q/lcr 2 . 

263. Potential. — We must next define the term 
potential , as applied to electric forces ; but to make the 
meaning plain a little preliminary explanation is necessary. 
Suppose we had a 4- charge on a small insulated sphere 
A (see Pig. 144), placed by itself far from all other 
electric charges and conductors. If we were to bring 
another positively-charged body B near it, A would repel 
B. But the repelling force would depend on the quantity 
of the new charge, and on the distance at which it was 

A P Q B" B' 

L> e e ©- e — 

Fig. 144. 


placed. Suppose the new charge thus brought near to be 
one 4- unit ; when B was a long way off it would be 
repelled with a very slight force, and very little work 
need be expended in bringing it up nearer against the 
repelling forces exerted by A ; but as B was brought 
nearer and nearer to A, the repelling force would grow 
greater and greater, and more and more work would have 
to be done against these opposing forces in bringing up 
B. Suppose that we had begun at an infinite distance 
away, and that we pushed up our little test charge B from 
B' to B" and then to Q. and so finallv moved it u-n to the. 


should have had to spud a certain amount «»f uw*; that 
work represents the patent ia l * at the jniiut 1* duo to A. 
For the following is the definition of oleotrio potential : ■ > 
The potential at any point u the mirk that must lw spent 
upon a unit of jmitive electricity in hnmjimj it up to that 
point from an infinite distance. Had I hr charge on A 
beena*- charge, the force would have horn one of attraction, 
in which ease wo should have theoretically to measure 
the potential at P, either by the opposite proem* of placing 
there a 4* unit, and then removing it to an infinite distance 
against the attractive forces, or else hy tucjiMiriiig the 
amount of work which would 1st dm* hy u j unit in 
being attracted up to V from an infinite distance, 

It can he shown that where there are more electrified 
bodies than one to lw considered, the potential due to 
them at any point is the sum of the jtoteiiliiiU \at that 
point) of each one taken separately, 

It can also he shown that the potential at a point \\ 
near an electrified particle A, is equal to the quantity of 
electricity at A divided hy the distance between A and R 
Or, if the quantity he called */, and the distance r, the 
potential is q n f 

Proof. ~ First determine the difference of patent Ut between 
point P and point t| due to a charge of electricity q m\ a small 
sphere at A, 

Call distance AP ® r, and AQ r\ Then PQ ■ r* r, The 
diffenmc.e of potential between ty and P in the «wA done in moving 
a + unit from Q to P against the force ; and sinew 


* In its widest meaning the term 11 potential " must I* utider*t*tt«t as 

“powar to do work.** For if we have to do a certain quantity of work 
against the repelling force of a charge in bringing up a unit of electricity 
from an luilnite distance, ju»t so much work has the charge power In do, 
for It will spend an exactly equal amount of work In pushing the unit of 
elftotrtaity back to an Infinite distance, If we lift a jtnttnd five fmt high 
Against the three of gravity, the weight of the pound can In turn do five 
foot-pound* of work in felling beck to the ground, 


work (average) forc’d x ilUtnnee through which it 
in overcome 
Vr • V** ■-/(/■ r). 

Force at l* exerted by q on tt l unit qjt \ 

ami tli# fore# at Q exartmt by t/ on a 1 unit ‘tl> ' a - 

now that tlm iltxtamw I'tt !«’ «Uvi«lwl into any miwtmr 

(n) of equal part* rrj, ?y a , ty llt * } 'u p * 

The force at r <//>•*. 

I f M f'l 'll*'? • * * ‘ , 

Now wince r { may be math* hm clone to r ua we euooue, Si we only 

take n a large enough number, we almll commit m> te rimw error 


EHr 


--t-ttt “ 

~V 


3 P* 


Fig, 1 4 f», 


in minpoMlug that r x #•, l« n fair menu between / J nml r? \ \wtw* 
we may nwmme the tnrnw t,V|,r **” ort lrum 

q 


r to r { to tw 


rt j 

Hence the work done hi luuwiag from fj to r will be 


" (r, r) 

rr t 

-*(l J> 


(in a Hhtilbu’ UKHUiupiloit, the work done in pacing from r a to 
r { will be 

fe*; q ( 1 1 V inttl that tbme from r & to r* will be 

V'h V 


f 1 V etc., giving u« tr equation*, of which the 

V r,i / is / 


J«t will be the work tbme in plowing from r' to r«~, 


values of r caned out, and we get for the work done in pawing 
from (,) to P 

Vi ’ v,f ■<(]. !•)• 

Next suppose LI to W uu iutiuito di*Uu<o front A, Horn r* 
i ; mlinity, and 0, iu that ruse the equation U'nmiea 

V, 

e 

If thorn nro a number of fleet rifted particle.** at di ihuvnt 
distances from P, the separate values of tin* potential <[ r 
due to each eleetritiod particle separately nut ho found, 
and therefore the potential at Penn he fount faj dividing the 
quantity of each ctuvryr hy it a distance front the paint l\ and 
then add in (j up Uujrthtr the separate amounts an obtained, 
The symbol V in generally lined to represent potential. 
The potential at P we will cull V, % then 

v, '(rCrC ..... -to. 

r r r 

or V,. 

This expression 2fy/r represents the work done mi or % a 
unit of + electricity when moved up to the given point 
P from an infinite distance, according as the potential 
at P is positive or negative, 

204. Zero Potential.' At 11 place infinitely distant 
from all electrified bodies there would lx» no electric forces 
and the potential would he zero. For pur James of con* 
vonieueo it is, however, usual to consider the potential of 
the earth as an arbitrary zero, just as it in convenient to 
consider u sea-level ” as a zero from which to meiwurn 
heights or depths (see Art. 201)), 

265, Difference of Potentiate. Since fmiimtiid 



potential between two points in the work fa be done on 
or by a + unit of electricity in cartynuj tf from one punt 
to the other. Thun if Y,» represents the potential at l\ 
and Y q the potential at another point Q, the ditl’erenee of 
potentials V,. V q denotes the work done, in moving up 
the + unit from Q to P. It in to he, noted that since thin 
value dopemln only on the values of the potential at P 
and at Q, and not on the value* at intermediate point*, 
the work done, will he tin* same, whatever the path along 
which the particle move* from Q to P. In the name way 
it in true that the expenditure of energy in lifting a 
pound (against the earth’* attraction) from one point to 
another on a higher level, will he the name whatever the 
path along which the pound I* lifted. 

200. Electric Faroe. The definition of “work ” in 
the product of the, force overcome into tin* distance through 
which the force i* overcome. ; or work farce x diet- 
tsnoe through which it i* overcome. 

Hence, if the dill'erence of potential between two point* 
in the work done in moving up our p unit from one 
point to the other, it follow* that the average electric force 
between those points will he found by dividing the 
work bo done by the distance between the point* ; or 
V,, -V q 


PQ 


» / (the average electric force along the line 


PQ). The (average) electric, force i* therefore the rate of 
change of potential per unit of length, If P and Q are 
near together the force will he practically uniform 
between P and Q. The term electromotive intmnty in 
sometimes used for the force in an electric field* 

We may represent this intensity of the electric field 
by supposing the number of electric line* per »t|unrt! 
centimetre to be drawn to represent the number of dynes 
of force on a + unit placed at the punt. 

207. Ecm i natem +A A ihnnm #»f ,<!«#*» 


centre* We have mm that the force exerted by mvh ti 
charge fall* off at a distance from the hull* the force 
becoming less ami less a* the square of the distant 
increases. But the force in the mine in amount at all 
points equally distant from the small charged sphere. 
And the potential is the mine at nil points Unit arc 
equally distant from the charged sphere, ft, in Fig, 1 45, 
the point A represent* the sphere charged with q units of 



Fig. Ufl. 

electricity, then the potential at l\ which we will call 
V P} will be, equal to <///*, where r u the distance from A 
to P. But if we take any other point at the name dim 
tauce from A its potential will also U< qji\ Now alt the 
points that are the same distance from A a* V k» will he 
found to lift upon the surface of iv sphere whose mitre m 
it A, and which is represented by the circle drawn through 
P, in Pig, 146. All round tins circle the potential will 
have equal values ; hence this circle represents an #Qttl- 
potential surface. The work to \m done in bringing 
ap a 4- unit from an infinite distance will be tin? name, no 

* Tht> Htmtent must warm*! that this mmm in W trtt* if **th**i 
Umrgw art? brought vsry n*wr t»» the for thru ihs *Wtrtaity will 


matter wlmt point of thin equipotentiai surface it in 
brought to, and to move it about from one point to 
another in the equipotentiai surface requires no further 
overcoming of the. (dectrical forces, and in veil van therefore 
no further expenditure of work. At another distance, 
say at the point Q, the potential will have another value, 
and through thin point Q another equipotentiai Httrfaee 
may he drawn. Suppose wu chose Q ho far from V that 
to push up a unit of 4-eleclnVity against the repelling 
force of A required the expenditure of just one ?nj of 
work (for the definition of one m/ see. tin* Note on Units 
at the end of thin lesson) ; there will he then unit 
diffavnee of 'potential between the mtrfnee drawn through 
Q and that drawn through P, and it will require one 
m/ of work to carry a 4- unit from any point on the one 
surface to any point on the other. In like manner wo 
might couHtruet a whole ai/Htem of etjuipotentiu! surfaces 
about the point A, choosing them at such distances that 
there should he unit difference of potential Iwlvveeii each 
one and the next. The widths between them would get 
wider and wider, for, since the force falls off m you go 
farther from A, you must, in doing one erg of work, bring 
up the d* unit through a longer distance against the 
weaker opposing force. 

The form of the equipotemtial surfaces about two small 
electrified bodies placed near to one another would not 
he spherical ; and around a number of electrified bodies 
placed near to one another the equipoteutiul surfaces 
would he highly complex in form. 

288. Lines of Foroe.— 1 The electric fom\ whether 
of attraction or repulsion, always acts arrow the equU 
potential surfaces in a direction normal to the surface. 
The lines which murk the direction of the resultant 
electric forces are sometimes called Hues of electric force. 
In the ease of the single electrified sphere the Hues of 
for cm would bo ittmhrlif. litma railH of ih#t Mvuftoo t»f iwmb 



curved ; in thin case the resultant love at any point 
would be in the direction of tin* tangmit to tin* curve at 
that, point. Two linen of force cannot c*ut ion* another, 
for it is im possible ; the resultant force nt n point cannot 
act in two directions at once, The j«M*it ive direction 
along a line of force in that direction in which a small 
positively-charged body would he impelled by the electric 
force if free to move. A space bounded by a number ol 
lines of force is sometimes Hj««keu of an a tutw »»/ force. 
All the space, for example, round a small item luted 
electrified sphere may l*e regarded as mapped out into a 
number of conical tubes, each having its nj»ejc at the 
centre of the sphere. 'Hie tidal electric force exerted 
across any section of a tul»e of force in constant wherever 
the section be taken, 

209. Potential within a dosed Conductor,— 
The experiments related in Arts. M to #<} prove most 
convincingly that there in no electric force intuit m Horn! 
conductor due to clmrgm mtlmde or on the- turf net. of the r#»- 
doctor . Now we have shown itlmve that electric force is 
the rate of change of potential per unit of length, 11 
there is no electric force there is no change of |Mitential 
The potential within a closed conductor (for example, $% 
hollow sphere) due to charges outside or on the surface 
is therefore the same all over the interior ; the mmm m 
the potential of the surface. The turf am if a timed am* 
doctor it tmmmnly an eqtiiyotmdml turf cm. If it were 
not at one potential there would l, hi a flow of electricity 
from the higher potential to the lower* which would 
instantaneously establish equilibrium nnd reduce the 
whole to one potential The student should clearly dis- 
tinguish between the surface-density at a point, nnd the 
potential at that point due to neighbouring charges of 
electricity. We know that when an elite trifled body fi 
placed near an insulated conductor the nearer and fart her 

YY/Mwfi/VWtt rtf tit «» 4 > Mnn nuIiC.S Ik* .1 


and - charges on the conductor had not separated by a 
movement of electricity from one Hide to the other, a 
difference of potential would exist. between thane mdeg 
because they are at different distances from the electrified 
body. But that in a state of affairs which couhi not 
continue in the conductor, for the difference of potential 
would muse electricity to flow until the combined poten- 
tial due to the eleetrified body and the. vhanjvx at the, 
opponitv. mla was the name at every point in the 
conductor. 

The potential at any point in a conducting upbore 
(hollow or solid) due to an electrified particle A, situated 
at a point outside (Fig. 148), in equal to the quantity of 
electricity q at A divided hy the distance between A and 
the centre of the sphere, For if B he the centre of the 
sphere, the potential at B due to q in 7 / /% when* r All ; 
but all pointn in the sphere are at the game potential, 
therefore they are all at the potential r//r. 

The earth is a large conducting sphere. It* potential, 
due to a punitive charge q near to its nurfaee, in qjr % where 
r may be taken an the radius of the earth j that la, 
03(1,000,000 centimetre*. But it i« impossible to pro* 
duce a + charge q without generating also an equal 
negative charge - q ; mo the potential of the earth due to 
both charges m q/r-q/r** 0 (mm Art, 204), 

270, Law of Invorso Squares. An Important 
confluence follows from the absence of electric force 
inside a closed conductor due to a charge on its mi Hare ; 
this fact enables uh to demonstrate the necessary truth of 
the “law of inverse square* M which was first experi- 
mentally, though roughly, proved by Coulomb with the 
tom on balance, Suppose a jaunt V anywhere inside n 
hollow sphere charged with electricity (Fig, 147). The 
charge is uniform all over, and the quantity of electricity 
on any small portion of its surface will las proportional to 



placed at P with a certain force. New draw the Unci 
AD and BO through P, and regard these h,h mapping out 
a small conical surface of two sheets, having its apex at P ; 

the small area CD will repre- 
sent the end of the opposed 
cone, and the electricity on 
('!) will also act on the -f unit 
placed at P, and repel it Now 
these surfaces A B ami ('!>, and 
the charges on them* will he 
directly proportional to the 
wputrc* of their resjmctive tils* 
tuners from P. If, then, the 
forces which they exercise cm P 
exactly neutralize one another 
(as experiment shows they do), it is clear that tint electric 
force must fail off inmmly a* the square* tf th c distances ; 
for the whole surface of the sphere can he mnpfKsl out 
similarly by imaginary cones drawn through P, The reason* 
ing can be extended also to hollow conductors of any form, 
271. Capacity. ^ In lumaun IV. the student wan 
given soma elementary notions on the subject of the 
Capacity of conductors. We are now ready to give the 
precise definition. The Electrostatic Capacity of a 
conductor is measured by tfm quantity of electricity which 
must be imparted to it in tmltsr to mine it* potential from 
mro to unity . A small conductor, such m tin insulated 
sphere of the size of a pea, will not want m much m one 
unit of electricity to raise its potential from 0 to 1 ; it 
is therefore of small capacity— while a large sphere will 
require a large quantity to raise its potential to the mtm 
degree, and would therefore he said to be of large capacity, 
If K stand for capacity, and Q fur a quantity of electricity, 

K-9 mid KV q. 



of electricity neceBnary to charge a given conductor to 
a given potential in numerically equal to the product of 
the capacity into the potential through which it i* rained. 
The capacity of an insulated body in affected hy the 
presence of neighbouring conductors, Whenever we 
speak of Urn capacity of a body, we mean of that Wly when 
isolated uh well an iiiHulated. 

272. Unit of Capacity. A conductor that requited 
only one unit of electricity to mine it« potential from 0 to 
1, would be waitl to possess unit capacity. A sphere one 
centimetre in radian possesses unit capacity ; for if it be 
charged with a quantity of one unit, thin charge will 
act an if it were collected at its centre, 

At the surface, which in one centimetre 
away from the centre, the potential, 
which in measured uh qjr, will be l. <q) 

.Hence, as l unit of quantity raises it to 
unit 1 of potential, the sphere possesses 
unit capacity, Tim cajmdUa of ephare h«. 

(isolated in air) art f proportional to their 
radii , We may imagine the charge q (Fig, 148) Wing 
brought nearer and nearer the sphere until it miche# the 
surface, then r become* the radian of the sphere. We 
may further imagine the surface completely covered 
with little quantities </, m as to have a total charge Q 
uniformly distributed. Kneh little quantify would 
give to the sphere a potential qjr ; the total potential 
of the sphere due to the charge Q on its surface would 
be Qjr. The greater the upbore the loss would be the 
potential at any point in it due to the name charge Q. 
Thus it would lie neeessnrv to give a charge of Hit) units 
to a sphere of 100 centimetre* 1 radius in order to raise It* 
potential to unity, It therefore lma a capacity of f cm, 
The earth lms a capacity of about (hit) imllmuH (in electro 
static units).* It is almost iimmuiible to ealriikm tW 



that the capacity of a sphere, as given above, means its 
capacity when far removed from other conductors or charges 
of electricity. The capacity of a conductor is increased by 
bringing near it a charge of an opposite kind ; for the 
potential at the surface of the conductor is the sum of 
6he potential due to its own charge, and of the potential 
of opposite sign due to the neighbouring charge. Hence, 
to bring up the resultant potential to unity, -a larger 
quantity of electricity must be given to it ; or, in other 
words, its capacity is greater. This is the true way of 
regarding the action of Leyden jars and other condensers, 
and must be remembered by the student when he 
advances to the consideration of the theory of condenser 
action, in Lesson XXIII. 

273. Surface-Density.* — Coulomb applied this 
term to denote the amount of electrification per unit of 
area at any point of a surface. It was mentioned in 
Lesson IY. that a charge of electricity was never dis- 
turbed uniformly over a conductor, except in the case of 
an insulated sphere. Where the distribution is unequal, 
the density at any point of the surface may be expressed 
by considering the quantity of electricity which exists upon 
a small unit of area at that point. If Q he the quantity 
of electricity on the small surface, and S be the area of 
that small surface, then the surface -density (denoted 
by the Greek letter p) will be given by the equation, 



* The word Tension is sometimes used for that which is here precisely 
defined as Coulomb defined it. The term tension is, however, unfortunate ; 
and it is so often misapplied in text-hooks to mean not only surface- 
density but also potential, and even electric force ( i.e . the mechanical 
force exerted upon a material body by electricity), that we might well 
avoid its use altogether. The term would be invaluable if we might 
adopt it to denote only the mechanical stress across a dielectric, as in Art. 
279. This was Maxwell’s use of the word, denoting a pulling force dis- 
tributed over an area, just as the word pressure means a distributed 



In dry air, the limit to the pond hie electrification is 
reached when the density reaches the value of about W 
unitH of electricity per square centimetre, If charged to 
a higher degree than thin, the electricity escapes in 
u sparks” and “ brushes ” into the air. In the caw of 
uniform distribution over a surface (an with the sphere* 
and as approximately obtained on a flat dink by a parti- 
cular device known an a guard -ring), the density in found 
by dividing the whole quantity of the charge by the 
whole nurture. 

274. Surface »D oiihI ty 01 x a Sphorev The surface 
of a sphere whom* radius is r, in 4wr\ Hence, if a 
charge Q he imparted to a sphere of radius r, the surface 

density all over will ho /> M ; or, if we know the 

surface -density, the quantity of the charge will lie 
Q -47t/ j /i. 

The surface-density on two ntphtre* joined hy a thin 
wire in an important caw, If the spheres are unequal, 
they will share the charge in proportion to their m| me it tea 
(nee Art 40), that in, in proportion to their radii* If the 
spheres are of radii 2 and 1, the ratio of their charge** 
will uIho he. as 2 to 1. But their mqieeUve densities will 
be found hy dividing the quantities of electricity on each 
hy their respective surfaces. But the surfaces are pro- 
portional to the squares of the radii, /,**. ns 4:1; hence, 
the densities will he ns 1 ; 2, or in vnut'hj l hr radii. 

Now, if one of these spheres be very small no bigger 
than a point the density on it will be relatively 
immensely great, ho great that the air particles in 
contact with it will rapidly carry off the charge hy 
convection. This explains the net fan of points in din* 
charging conductors, noticed in Hlmpter L, Art*. 38, 48, 
and 47. 

276. Meotrlo Imagoa, * It can he shown mat he- 



r, at a distance d from its centre, the negative induced 
charge will be equal to - qrjd, and will be distributed 
over the nearest part of the surface of the sphere with a 
surface-density inversely proportional to the cube of the 
distance from that point. Lord Kelvin pointed out that, 
so far as all external points are concerned, the potential 
due to this peculiar distribution on the surface would be 
exactly the same as if this negative charge were all 
collected at an internal point at a distance of r ~ r 2 /d 
behind the surface. Such a point may be regarded as a 
virtual image of the external point, in the same way as in 
optics we regard certain points behind mirrors as the 
virtual images of the external points from which the rays 
proceed. Clerk Maxwell has given the following defini- 
tion of an Electric Image : — An electric image is an 
electrified point, or system of points , on one side of a surface , 
which would produce on the other side of that surface the 
same electrical action which the actual electrification of that 
surface really does produce. If the sphere is not connected 
to earth, and were unelectrified before + q was brought 
near it, we may find the surface-density at any point by the 
following convention. Imagine that there are coexisting 
on the sphere two charges, — rqjd and -f rq/d respectively, 
the first being distributed so that its surface-density is 
inversely proportional to the cube of' the distance from 
the electrified point, and the second being uniformly 
distributed. The actual surface-density is the algebraic 
sum of these two. A + charge of electricity placed 
1 inch in front of a flat metallic plate induces on it a 
negative charge distributed over the neighbouring region 
of the plate (with a density varying inversely as the cube 
of the distance from the point) ; but the electrical action 
of this distribution, so far as all points in front of the 
plate are concerned, would be precisely represented by 
its f< image,” namely, by an equal quantity of netra- 



method have been made, enabling the distribution to be 
calculated in difficult cases, as, for example, the distri- 
bution of the charge on the inner surface of a hollow 
bowl. 

276. Force near a Charged Sphere. — It was 
shown above that the quantity of electricity Q upon a 
sphere charged until its surface-density was p } was 

Q = 47TT 3 /). 

The problem is to find the force exercised by this 
charge upon a + unit of electricity, placed at a point 
infinitely near the surface of the sphere. The charge on 
the sphere acts as if at its centre. The distance between 
the two quantities is therefore r. By Coulomb’s Law the 

force/=^i = i^ = 4^. 

This important result may be stated in words as 
follows : — The force (in dynes) exerted by a charged sphere 
upon a unit of electricity placed infinitely near to its surface , 
is numerically equal to 47r times the surface-density of the 
charge. 

277. Force near a Charged Plate of indefinite 
size. — Suppose a plate of indefinite extent to be charged 
so that it. has a surface-density />. This surface-density 
will be uniform, for the edges of the plate are supposed 
to be so far off as to exercise no influence. It can be 
shown that the force exerted by such a plate upon a + 
unit anywhere near it, will be expressed (in dynes) 
numerically as p. This will be of opposite signs on 
opposite sides of the plate, being + 27 rp on one side, and 

- 27 rp on the other side, since in one case the force 
tends to move the unit from right to left, in the other 
from left to right. It is to be observed, therefore, that 
the force changes its value by the amount of 47 rp as the 
point passes through the surface. The same was true 

tliA aTi nro'Prl srnTwvrA •wTiatp t.Ti a fmv.A mi t.Hi rl a wn.s Aim 



surfaces. These two propositions are of tin* utmost im- 
portance in the theory of Elect rosluims. 

278. Proof of Theorem. — Tim elementary geo- 
metrical proof is as follows : - 

Required the Electric Force at point at any d tain nee from a 
plane of infinite extent, ehttrtjed to sar/ace-density />. 

Lot P bo the point, and PX or a the normal t«» the piano. 
Take any small cone having its apex at V. Let the solid angle 
of this cone bo w ; lot its length be /• ; uml 0 the angle Us axis 


V 



makes with a. The cone meets the surface of the plane obliquely, 
and if an orthogonal section lm made where it meets the plane, the 
angle between those sections will be th 

Now solid angle <e is by definition « orth< ’ K ‘“ mI area «»f mmtlun 

Hence, area of oblique section =s rut >. * 

* van d * 

. *. charge on oblique section ~ 1 

cos 0 

Hence if a T unit of electricity were placed at l\ the force 
exerted on this by tins small change x 1 I r\ 

CON 0 

or w /* * 

cos 0 

Resolve this force into two parts, one acting along the plaint, 
the other along a, normal to the plane. The normal mim jnintial 


But the whole surface of the plane may be similarly mapped 
out into small surfaces, all forming small cones, with their summits 
at P. If we take an infinite number of such small cones meeting 
every part, and resolve their forces in a similar way, we shall 
find that the components along the plane will neutralize one 
another all round, while the normal components, or the resolved 
forces along a , will be equal to the sum of all their solid angles 
multiplied by the surface-density ; or 

Total resultant force along a = So )p. 

But the total solid angle subtended by an indefinite plane at a 
point is 27 r, for it subtends a whole hemisphere. 

. * . Total resultant force = 2?rp. 

279. Electric Stress in Medium. — In every 
electric field (Art. 13) there exists a tension along the 
lines of electric force accompanied by an equal pressure 
in all directions at right angles to the lines. If F stands 
for the resultant electric force on a q- unit placed at any 
point in the field (i.e. the “ electromotive intensity” at that 
point), the tension will be equal to F 2 /87 t (dynes per 
square centimetre). In media having dielectric capacities 
greater than unity the tension is proportionately greater. 
For the optical effects of these stresses see Art. 525. 


NOTE ON FUNDAMENTAL AND DERIVED UNITS 

280. Fundamental Units. — All physical qualities, such as 
force, velocity, etc., can be expressed in terms of the three 
fundamental quantities : lengthy mass , and time. Each of these 
quantities must be measured in terms of its own units. 

The system of units, adopted by almost universal consent, 
and used throughout these lessons, is the so-called “Centi- 
metre-Gramme-Second ” system, in which the fundamental units 
are : — 

The Centimetre as a unit of length ; 

The Gramme as a unit of mass ; 

The Second as a unit of time. 



represents one thousand-millionth part, or ^qqq, 000,000 ^ quadrant 

of the earth. 

The Metre is 100 centimetres, or 39*37 inches. 

The Kilometre is 1000 metres, or about 1093*6 yards. 

The Millimetre is T \ of a centimetre, or 0*03937 inch. 

The Gramme represents the mass of a cubic centimetre of water 
at 4° C., this is equal to 15*432 grains : the Kilogramme is 1000 
grammes or about 2*2 pounds. 

281. Derived Units. — 

Area. — The unit of area is the square centimetre . 

Volume. — The unit of volume is the cubic centimetre. 

Velocity. — The unit of velocity is the velocity of a body which 
moves through unit distance in unit time, or the velocity of 
one centimetre per second. 

Acceleration. — The unit of acceleration is that acceleration 
which imparts unit velocity to a body in unit time, or 
an acceleration of one centimetre-per-second per second. 
The acceleration due to gravity imparts in one second a 
velocity considerably greater than this, for the velocity 
it imparts to falling bodies is about 981 centimetres per 
second (or about 32*2 feet per second). The value differs 
slightly in different latitudes. At Greenwich the value of 
the acceleration of gravity is g = 98 IT 5 at the Equator 
g = 978 T ; at the North Pole #=983*1. 

Force. — The unit of force is that force which, acting for one 
second on a mass of one gramme, gives to it a velocity of 
one centimetre per second. It is called one Dyne. The 
force with which the earth attracts any mass is usually 
called the “weight” of that mass, and its value obviously 
differs at different points of the earth's surface. The 
force with which a body gravitates, i.e. its weight (in 
dynes), is found by multiplying its mass (in grammes) by 
the value of g at the particular place where the force is 
exerted. One pound force in England is about 445,000 
dynes. 

Work. — The unit of work is the work done in overcoming 
unit force through unit distance, i.e. in pushing a body 
through a distance of one centimetre against a force of one 
dyne. It is called one Erg. Since the “ weight ” of one 
gramme is 1 x 981 or 981 dynes, the work of raising one 
gramme through the height of one centimetre against the 
force of gravity is 981 ergs. 


ilftti, Tim unit of heat, the mhmt\ in the amount of heat 
required to warm one gramme tiuuut of water from (V* to 
1” ((’,); and Urn dynamical equivalent of thin amount of 
heat in 42 million rrg.v, which in tlm value of Joule's equi- 
valent^ uk expressed in t'.il.B. measure (mm also Art, 4*10). 

Tlmao units urn sorntdlnmn called *' absolute" tudlK ; the term 
ahxul tth\ introduced by (hums, meaning that they are iitdcjawdctit 
of the ni /,0 of any particular instrument, or of Urn value of gravity 
at any particular place, or of uny other arbitrary quantitive limn 
the three standards of length, muss, amt time. it in, however, 
preferable to refer to thorn by Urn more appropriate name of 
M U.U.H, units," uk lieitig derived from the centimetre, tin* gramme, 
amt Urn second. 

202. MloctrionJ Unit«. There mt> two systems of elec ideal 
uuitK derived fnuu Urn fundamental u unite, one Mat being 

based upon thft forea exerted tadween two quantities of electricity, 
amt tho other upon the form exerted between two magnet poles. 
The former net aro termed rMroatutk unite, tho latter rMro- 
mttifw'tk unite. Tim important rotation Indweeti tlm two nets i« 
explain!*! in (limp. V., Art 'tfdb 

SKI*). SlootrcNitAtlo UnltH. No special ntnnrn haw Iwn 
assigned to tlm electrostatic unite of Quantity, Potential, Capacity, 
etc. Tho rewama for adopting tlm following values m mdt« urn 
given either in Ohnpter I. or in Urn present chapter. 

Unit if Quantity* ~-The unit of quantity Is that quantity of 
electricity which, whim placed at a distance of tm« 
centimetre (in air) from a similar ami equal quantity, 
repels it with a force of mm dym (Art. 21021). 

Patentiui. —Potential being tueamiml hy work done In moving 
a unit of 4* electricity against tlm electric forces, the unit 
of potential will ho measured by the unit of work, the wy, 

l hut fiijfrnmm i\f PdmtfaL Unit difference of potential 
exists between two points, when It requires the expend!* 
turn of one erg of work to bring n 4 unit of electricity 
from one point to tlm other against the electric force 
(Art. ‘2(1 f>). 

I* nit (\f t 'ajxwUtf. — That conductor powaasiw unit tm$rtmliy 
which require a charge of one unit of electricity to bring 
It up to unit potential, A sphere of one oentlinntra 
radiuH poiwifjweM unit capacity (Art 272). 

Spreifin Imlmtim Capacity^ or hkkHtrn tfoqftdmt, l« defined 
In Art 205 m the ratio between two quantities of electricity. 



duetnc Hold nt any point, and h menMiml l»y the form 
which it exerts on a unit charge placed at that point, 

It may ho convenient here to append the rules fur 
reducing to their corresponding values in terms of the 
practical (electro-magnetic) units values that may have 
been expressed in terms of the electrostatic units, as 
follows : - 

Potential. To bring to volts multiply by 1100, 

Capacity. To bring to microfarads divide by 000,000. 

Quantity. To bring to coulomb* divide by *1 « UP, 

Current. To bring to ampere* divide by a * In* 

Resistance. To bring to ohm* multiply by t» 10, 11 

Rxam)*k'"~ HupjMwe two equally charged Mphcre* whmn nmtrm ate 
40 etmtimetm* apart, tire Wind to repel one another with n force 
of two dynes (•* about, the weight of 10 grains). Hy the law of 
inverse squares we. Dnd that the charge on each I* loot (elect ru, 
static) units, dividing by a s 1(S» we hud that thin amount a to 
0 '00000030 17 coulomb, 

284. Dimension** of Units, —It ban Wen assumed above 
that a velocity can W* expressed in centimetre , h per second ; for 
velocity is rate of change of place, and it la clear that if change 
of place may he measured as a length in centimetres, the rate 
of change of place will he measured by the number of cent! 
metres through which the body moves in unit of time. It is 
impossible, indeed, to express a velocity without regarding it as 
the quotient of a certain number of units of length divided hy 
a certain number of units »»{ time, hi other words, a velocity 

^£1 Unw » or » adopting L as a symbol for length, and T ns a 
symbol for time, which in still more conveniently written 

VssLxT” 1 . In a similar way mrclmdum Wing rate of 
change of velocity, we have A * ^ U x T \ 

Now these physical quantities, 41 velocity ** and 11 nccelerution l “ 
are respectively alumye quantities of the same nature, no matter 
whether the centimetre, or the inch, or the mile, he taken m the 
unit of length, or the second or any other interval W taken as 
the unit of time. Hence we my that these abstract equations 
express the dimensions of those quantities with mug met to the 
fundamental quantities length ami time. A tilth* consideration 
will show the student that the dimensions of the various units 
mentioned above will therefore be m given la the tiildo opposite, 

Tha dimfloaloui of mAmifttln milts trivet* It, #h« ♦f'wld*. 3». k *>♦ 


Table op Dimensions op Units 



Units. 

Dimensions. 

l 

(. Fundamental ) 

Length 

L 

m 

Mass 

M 

t 

Time 

T 


{Derived) 

Area = L x L = 

L 3 


Volume = L x L x L = 

L 3 

V 

Velocity = L -f- T = 

LT _1 

a 

Acceleration = velocity -f time = 

LT -3 

f 

Force = mass x acceleration = 

MLT -3 


Work = force x length = 

ML S T -3 

(L 

{Electrostatic) 

Quantity = \J force x (distance) 2 = 

h T" 1 

i 

Current = quantity -r time = 

M i ifi T ~- 

V 

Potential =work -h quantity = 

t - 1 

R 

Resistance = potential -r- current = 

L' 1 T 1 

C 

Capacity = quantity -f potential = 

L 

k 

Sp. Ind. Capacity = quantity — another quantity 

a numeral 

F 

Electromotive Intensity = force quantity = 

M- IT 4 T _1 


Lesson XXII . — Electrometers 


285. In Lesson II. we described a number of electro - 


to indicate roughly the amount of these charges, hut mnw 
of them nave the torsion balance could ho regarded an 
affording an arc, urate means of measuring either the 
quantity or the potential of a given charge. A n instru ~ 
matt fur watsuriny dijferemm of tMr* static patent uil in 
termed an Electromotor. Kueh inst rumenta can also 
he used to measure electric quantity indirectly, for the 
quantity of a charge eun he ascertained by measuring 
the potential to whieh it ran raise a conductor of known 
capacity. The earliest electrometers attempted to measure 
the quantities direetly. Tune and Suuw Harris rum 
structcd u Unit Jars }> or small Leyden jars, whieh, in 
order to measure out a eertaiu quantity of electricity, 
were charged ami discharged a certain number of 
times. 

280. Bepnlaion Electromotors. The torsion 
balance, described in Art, 1 8, measures quantities by 
measuring the forces exerted ly tin* charges given to the 
fixed and movable halls. It eun only he applied to the 
measurement of repelling forces, for the equilibrium is 
unstable in the ease of a force of attraction. 

Beside tin* gold-leaf electroscope and others described 
in Lesson IF., there, exist several liner electrometers based 
upon the principle of repulsion, hoiuc of which resemble 
the torsion balance in having a movable arm turning 
about a central axis. Amongst these are the electrometers 
of Dellmann and of Peltier. In the latter a light arm 
of aluminium, balanced upon a point, carries also a small 
magnet to direct it in the magnetic meridian, A fixed 
arm, in metallic contact with the movable one, also lies 
in the magnetic meridian. A charge imparted to this 
instrument produces a repulsion between the fixed and 
movable arms, causing an angular deviation. Here, 
however, the force is measured not by Wing pitted against 
the torsion of an elastic fibre, or against gravitation, but 

tuminsfc the directive vimimetti* fore** nf the enetli si flint*’ 



of the horizontal component of the earth’s magnetism at 
the place, on the magnetic moment of the needle, and 
on the sine of the angle of its deviation. Hence, to 
obtain quantitative values for the readings of this 
electrometer, it is necessary to make preliminary 
experiments and to “ calibrate” the degree-readings of 
the deviation. 

287. Attracted - Disk Electrometers. — Snow 
Harris was the first to construct an electrometer for 
measuring the attraction between an electrified and a 
non-electrified disk ; and the instrument he devised may 
be roughly described as a balance for weighing a charge 
of electricity. More accurately speaking, it was an 
instrument resembling a balance in form, carrying at one 
end a light scale pan; at the other a disk was hung 
above a fixed insulated disk, to which the charge to be 
measured was imparted. The chief defect of this instru- 
ment was the irregular distribution of the charge on the 
disk. The force exerted by an electrified point falls off 
inversely as the square of the distance, since the lines 
of force emanate in radial lines. But in the case of a 
uniformly electrified plane surface , the lines of force are 
normal to the surface, and parallel to one another ; and 
the force is independent of the distance. The distribu- 
tion over a small sphere nearly fulfils the first of these 
conditions. The distribution over a flat disk would 
nearly fulfil the latter condition, were it not for the 
perturbing effect of the edges of the disk where 
the surface -density is much greater (see Art. 38) ; for 
this reason Snow Harris’s electrometer was very 
imperfect. 

Lord Kelvin introduced several very important modifi- 
cations into the construction of attracted-disk electrometers, 
the chief of these being the employment of the u guard- 
plate” and the providing of means for working with a 
definite standard of potential. It would be beyond the 


the various forms of attracted-disk electrometer ; * but 
the main principles of them all can be readily explained. 

The disk C, whose attraction is to be measured, is 
suspended (Fig. 150) within a fixed guard-plate B, which 
surrounds it without touching it, and which is placed in 
metallic contact with it by a fine wire. A lever L 
supports the disk, and is furnished with a counterpoise. 
In order to know whether the disk is precisely level with 
the lower surface of the guard-plate a little gauge or index 



Fig. 150. 


is fixed above, and provided with a lens l to observe its 
indications. Beneath the disk and guard-plate is a second 
disk A, supported on an insulating stand. This lower 
disk can be raised or lowered at will by a micrometer 
screw, great care being taken in the mechanical arrange- 
ments that it shall always be parallel to the plane of the 
guard-plate. Now, since the disk and guard-plate are in 
metallic connexion with one another, they form virtually 
part of one surface, and as the irregularities of distribution 


* For these the student is referred to the volume of Tnrrl TTalvin’s 



occur at the edges of the surface, the distribution over the 
area of the disk is practically uniform. Any attraction of 
the lower plate upon the disk might be balanced either by 
increasing the weight of the counterpoise, or by putting a 
torsion on the aluminium wire which serves as a fulcrum ; 
but in practice it is found most convenient to obtain a 
balance by altering the distance of the lower plate until 
the electric force of attraction exactly balances the forces 
(whether of torsion or of gravity acting on the counter- 
poise) which tend to lift the disk above the level of the 
guard-plate. 

The theory of the instrument is simple also. Let Y x 
represent the potential of the movable disk, which has a 
positive charge of surface - density p, and let Y 2 be the 
potential of the fixed plate, upon which is a charge 
of surface - density - p. The difference of potential 
Y x — Y 2 is the work which would have to be done upon 
a unit of positive charge in taking it from Y 2 to V x . 
Now the force upon such a unit placed between the two 
plates would be (an attraction of 2?rp due to the fixed 
plate, and a repulsion of 27 t p due to the movable plate, 
see Art. 278) altogether 47rp, and if the distance between 
the plates were D, work = force x distance. 

Y 1 -Y 2 = 47rpD. 

If S is the area of the movable plate, S p is the total 
quantity of electricity on it ; therefore it would be 
attracted by the fixed plate with a force F = 27 t p x S p. 
From this we get 



Substituting this value of p in the above equation, we get 
If F is measured in dynes, S in square centimetres, and 
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In tlio more olulH#rato forum of the nminnueiit, mnh ah 
the "absolute triootromotor," and the ** portable) 
electromotor/* llto disk and gaud jd»it«* tiro covered 
with a metallic rage, ami are together placed m mut, 
muniention with a nmdrimcr t«* keep them at a known 
potential, Thin obviate* Imung to make moiiaiirrmouU 
witli Zoru rending*, for the dhfitrrnen «*/ will 
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The condenser in provided in tliew in»trumouU with 
a gauge, iUidf an attracted di»k t I** indicate when it in 
charged to Urn right potential, wm! with a r*jdc»MiArr tu 
iucrotum or declaim Urn charge, the ivpleumher Mug n 
little influence machine (w Ark f»0). 

288. The Quadrant Ileatromater, llto quad- 
rant Elactromtd«r of Tmrd Kelvin i* im *' \ am jdo uf a 
different claim of electrometer^, in which «*« i* made «*f 
an auxiliary charge of electricity ptvvimndy imparted to 
the netullu of the iminummb The needle, which run. 
bIhIs of a thin lint piece of aluminium Itiuin hortadtUilly 
by a fibre of thin wire, thua chared* m\y ]H»nitivp|y f will 
be attracted by a - charge, hut replied by & p charge. 
Such attraction or rqmtwim* will W Ntrmigrr in proportion 
to these charge*, ami in proportion hi the charge on thn 
needle. Four tpuulrmit-pim* (Fig. 151} of In %m imi fused 



n\\\' t tv 


QlW 1 HiAKT KJ.K ( TkoM KTKIt 


horizontally below llit^ needle without touching it or one 
another. Opposite quadrant* are joined with linn whm 
If qmulmub* l aunt 3 art' ever little 4* n« compared 
with quadrant* s! and d, the needle. will turn away from 
the former tn a position more nearly over the latter. 

If there in the idightenl dillerewn of potential between 
the jinirn of quadrant*, the needle, which iw held in ita 
zero (limitiou by tin* elasticity of the 
win*, will turit| and an indicate the 
difference of potential. When thene 
detlexhum aii* email, tin* wealc readings 
will lm wry nearly proportional to the 
difference of potential. The inatm* 
men! in mUlb ivutly delicate to *lmw a 
difference of potential between tlm 
quadranta its small m the of that 
of the Darnell'* cell. If V, ho Urn potential of one pair of 
quadrant*, V u that of the other pair, and V., ilm potential 
of tint needle, the form lending h* turn will bo proportional 
to Vj V ami will also lw proportional to the dUforancct 
Iwtwetm ¥ g ami the average of Y t and Y r Or, in 
aymboln, 

/-«(V r -V a )(v, Vi ; Vs ); 

w ln*ro a in a constant depending on the coUHlrucUou of the 
particular instrument, 

1 f 1 2 allow* a wry wimple form of tbo Quadrant 
MWtruuwtor, m arranged for qualitative experiment*. 
The four quadrants an' enclosed within a ghuw cmo, and 
tbo needle, which carrion a light mirror M below it, hs 
imitptmdwl from a tumon brad ti by a wry thin metallio 
wire R It k electrified to a certain potential by being 
connected, through a wire attached to 0, with a charged 
Uyden Jar or other nmdonwer. In order to obwsm the 
minutest motions of the needle, a mdlng-teleaoope and 
acide aw ao placed that the observer looking through the 
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telescope sees mi image of tin* /en» *4 the m!*’ rHhvicd 
in tlui lit tit? uiirn»r. The wire* » mine* Ung tpmdruntu 1 
and 3, S and 4, art* seen above t he l“p <4 I ho *•*.■*•*. 

For very exact mensurcmeuM many additional refine- 
luenta are introduced into the lunttiiinrtit. Thu mgs uf 
quadrants are employed, an upj»er and a h*w* r, having 
tho needle between them, Tim Hire i» replaced 

by n del teat** hiiilar fcU*prmo»m * Art, Ido*, 
To keep up the charge i4 tie fe \d*n jar a 
€t replwiUher n is added ; and an M attracted 
disk, 1 * like that of the Absolute Fleet m 
meter* in employed m order t»* net m a 
gunge to indicate when the jar ts charged 
to the right jhiteiitial. In thw foutm the 
jar enu*i«Uf of a ghs«i ve**'l placed Uduw 
the fpmdmnt- 1 , routed externally with $lri|m 
of tinfoil, mid containing strong sulphuric 
acid, which norvvA this iluuMn function of 
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keeping Urn apparatus dry hy ftlwurhing the moiatum 
and of acting ns an internal routing f«r the jar, It w 
also mure usual to throw n spot of light from a lamp 
upon a settle by means of the little mirror (m dewrtlssd in 
the cm of the Mirror Ualvatnmwter, in Art, HI?*), than 
to adopt the subjective method with the U’lwoj*', which 
only one person at a time mn vm. When i\w instrument 
fa provided with repltmither and gauge, the sumurotutraU 
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in hr made in Irrum of itlimiluLo unils, provided tho 
cumdunt " *»r tli o particular instrument (depending on 
to HUHpHtHiuii of tho needle, nwo mul position of 
mllo mul i|mi(lnuilH } potential uf thu gauge, etc,) in 
nru mwciluined. 

MO. Uwo of Quadrant Electromotor.— An example will 
ltndrntu the mode cf using the luHlrmuont. It in known that 
lum the two mnls of n thin wire urn kept nt two dUTorcmt poton- 
jih a current llown through thu wins mul that if the potential i« 
ii'itmiml itl different pnlnlN along thn wire, it i« found to fall uif 
\ n perfectly uniform manner from Ihu un«l that is nt a high 
oUmlinl down to that at thu low potential, At a point one 
under along thu potential will have fallen off cmo quarter of thu 
hole difference, This could ho proved by joining thu two oiuln 
f thu wire through whiuh ihu current svan /lowing to thu terminals 
f tho Quadrant Electro meter, when one pair of quadrants would 
e at tho high potential and the other at the low potential. Tho 
ewllw would turn and iudicatu a certain deflexion. Now, tUseon- 
not one of thu pairs of quadrants from thu low potential end of Iho 
ire, ami place them in communication with a point one quarter 
imig the wire from thu high potential end, The needle will at 
am Iudicatu that the di /lemma of potential Is but one quarter 
f wind it wan before. 

Often tlm Quadrant Electromotor is employed simply as a very 
nlieate electro in systems of moMuremoul hi which a ctlf- 
•renre of electric potential is measured by being balanced against 
ii equal and opposite difference of potential, exact balance being 
idind ml by there being no deflexion of tho Electromotor needle, 
uch methods of experimenting are known ns Null AfdhodSf or 
Vru MrOmtn* 

200. BllootroBtatio Voltmeter.— -Wh liavo noon 
End in thu ipnulmut clod round, or it in iu*e.o,HHary to givo 
ho noodle a high initial charge, tho miwiu being that, if 
\mv did not oxid between the, quadrants amt the noodle 
much greater dilVorimro of potential than thu small volt- 
go wo urn measuring, tho force tending to turn the 
iomilo would \m too Hiimll to ho conveniently ob- 
ervoth Where, however, wo are dealing with high 
JNercmcoa of potential a Hciparalely«charged needle is not 
iutu lei to ; we may simply join one conductor to the needle 
ml tho other to a sot of quadrants, and the force of 
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linn, which, ot1n*r things lirinjr increases iw 

uiirc of tin* difference of potential, in HulUeieully 
, grei it tu give reliable muling*. This 

is known as the itliotthtiie nit’ll mi! of 

using tht* inurnment, 

A from view of the instrument as 
commonly \md to measure differences 
of potential of loco volte or more, i* 
*hmvu in Fig, l ft 3. Thu needle N N 
in n puddlu-Mhaped plain of aluminium 
supported by knife edges at Uh centre ; 
iU position in controlled hy gravity, 
liltlu weight* bring hung on a j»r« *}*•»• 
tiou at ite lower end. The {jundmnte 
Q are both Indited and in front of it» 
and m placed that when a difference 
xmtial exists between the needle and them the 
i« deflected from Hu normal position and moves 
ritur over a graduated scales, 

ivill bn WHMi that it does not matter whether tlm 
k positively charged mid the 
tuU negatively charged or nVo 
an attmrlioti between the two 
lway» take place, so a detlexiou 
r given even wlu*n the difference 
Mini k rapidly alternating. Thin 
ty of the instrument make** it 
ingly useful for the measurement 
Uigo when alternating currenU 

other advantage of thm instru- 
>ver the high-resistance galvann- 
that are used an voltmeters ia$, 
does not take any current, and con- 
tly if does not waste any power, 
order to make the nluclro«tatio voltmeter auffkdtmUy 
e to measure down to 100 volte or bo* a n timber of 
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Leedles are placed horizontally one above the other on a 
r ertical aluminium wire, and attracted by a tier of 
[uadrants symmetrically placed on each side ; this instru- 
aent is Lord Kelvin’s multicellular voltmeter . It is shown 
n elevation and plan in Fig. 154, 

291. Dry- Pile Electrometer. — The principle of 
ymmetry observed in the Quadrant Electrometer was 
>reviously employed in the Electroscope of Bohnenberger 
—a much less accurate instrument — in which the charge 
o he examined was imparted to a single gold leaf, placed 
ymmetrically between the poles of a dry-pile (Art. 193), 
oward one or other pole of which the leaf was attracted. 
Eechner modified the instrument by connecting the + 
)ole of the dry-pile with a gold leaf hanging between 
wo metal disks, from the more + of which it was re- 
plied. The inconstancy of dry -piles as sources of 
slectrification led Hankel to substitute a battery of a 
r ery large number of small Daniell’s cells. 

292, Capillary Electrometers. — The Capillary 
Electrometer of Lippmann, as modified by Dewar, was 
[escribed in Art. 253. 


Lesson XXIII . — Dielectric Capacity, etc. 

293. A Leyden jar or other condenser may be 
'egarded as a conductor, in which (owing to the parti- 
cular device of bringing near together the two oppositely- 
harged surfaces) the conducting surface can be made 
;o hold a very large charge without its potential (whether 
+• or — ) rising very high. The capacity of a condenser, 
ike that of a simple conductor, will be measured (see 
irt. 271) by the quantity of electricity required to pro- 
luce unit rise of potential. 

294. Theory of Spherical Condenser. — Sup- 
pose a Leyden jar made of two concentric metal spheres, 
me inside the other, the space between them being filled 
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We see from tills formula that the capacity of the 
condenser is proportional to the size of the metal globes, 
and that if the insulating layer is very thin, — that is, if 
r he very nearly as great as r\ r' -r will become very 

small, and the value of the expression will become 

T —T 

very great ; which proves the statement that the capacity 
of a condenser depends upon the thinness of the layer 
of dielectric. If r' is very great compared with r, the 
expression for the capacity becomes equal simply to r, 
that of the inner sphere when isolated. 

295. Specific Inductive Capacity. — Cavendish 
was the first to discover that the capacity of a condenser 
depended not on its actual dimensions only, hut upon the 
inductive power of the material used as the dielectric be- 
tween the two surfaces. If two condensers (of any of the 
forms to be described) are made of exactly the same size, 
and in one of them the dielectric he a layer of air, and 
in the other a layer of some other insulating substance, 
it is found that equal quantities of electricity imparted 
to them do not produce equal differences of potentials ; 
or, in other words, it is found that they have not the 
same capacity. If the dielectric be mica, for example, it 
is found that the capacity is about six times as great ; for 
mica possesses a high inductive power and allows the 
transmission across it of electrostatic influence six times 
as well as air does. The name specific inductive 
capacity,* or dielectric capacity, is given to the ratio 
between the capacities of two condensers equal in size, one 
of them being an air condenser, the other filled with the 
specified dielectric. The specific inductive capacity of 
dry air at the temperature 0° 0., and pressure 76 
centimetres, is taken as the standard, and, in the absence 
of any known way of finding its absolute value, is reckoned 

* The name is not a very happy on e,— inductivity would have been 
better, and is the analogous term, for dielectrics, to the term ft conduc- 
tivity ” used for conductors. The term dielectric coefficient is also used by 
some modern writers. 
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as unity. The symbol k is used to denote the dielectric 
capacity of any material. 

Cavendish, about the year 1775, measured the dielectric 
capacity of glims, beim-wax, ami other Biihstanc.es, by form- 
ing them into condensers between two circular metal 
) dates, the capacity of thorns condensers being compared 
with that of an air condenser (resembling Pig, 42) and 
with other condensers which he 
called “ trial-plates” He even 
went ro far as to compare the 
capacities of those “ trial-plates ” 
with that of an isolated sphere 
of 12 A inches diameter hung up 
in a mom, 

298. Faraday’s Experi- 
ments. — In 1837 Paraday, 
who did not know of the then 
unpublished researches of 
Cavendish, independently dis- 
covered specific inductive cap- 
acity, and measured its value 
for several substances, using for 
this purpose two condensers of 
the form shown in Pig. 156. 
Each consisted of a brass ball A, 
enclosed inside a hollow sphere 
of brass B, and insulated by a 
long plug of shellac, up which 
passed a wire terminating in a 
knob a . The outer sphere con- 
sisted of two parts which could 
Im Hepamted from each other in order to fill the hollow 
space with any desired material : the experimental process 
then ww to compare their capacities when one was 
filled with the unbalance to bo examined, the other 
containing only dry air. One of the condensers was 
charged with electricity, Tt was then made to share its 
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iarRe w itli the other condenser, by putting Urn two inner 
latings into metallic communication with one another ; 
ie outer coatings iiIho being in communication with one 
iother. If tlicir capacities were equal they would share 
e charge equally, and tho potential after contact; would 
s just half what it wan in tho charged condenser before 
intact. K the capacity of one wan greater than the 
her the final potential would not he exactly half the 
jginal potential, beemiNo tliey would not share (he charge 
ually, hut in proportion to their capacities Thu 
totials of the charges were measured before and after 
ntact hy meaiin of n torn! on balance,* Faraday Vi mulls 
owed the following values ; Sulphur, 2'20 ; shellac, 2*0; 
iss, 1*76 or more. 

297. Recent Researches, Hi wo 1870 largo 
ditions to our knowledge of this subject have been 
ale. Gibson and Barclay measured tho inductivity of 
raffia wax hy comparing the capacity of an air eomleiiHur 
tli one of paraffin by means of au arrangement of slid- 
y condensers, using a sensitive quadrant eleetvomuLur to 
just the capacity of the eimclonaura exactly to equality, 
Dpkinson has examined the dielectric power of glass of 
rious kinds, using a constant battery to produce tho 
piired difference of potentials, and a condenser provided 
tli a guard-ring for a purpose similar to that of the 
ard-ring in absolute electrometers. Gordon made a 
ge number of observations, using a delicate apparatus 
own as a statical “ inductivity balance, i ” which is a com- 
cated condenser, so arranged in connexion with a 

Tlie value of tlio (llolonlrlo capacity V could them lie cnlcuUtod aw 
owe 

Q* VK« V'K V'K k 

oro-IC Is the capacity of Mio first apparatus and V its potential, and V' 
potential after eotummif cation with thu snncmd apparatus, whowo 
icity is Kfr) ; lieueo 

V , 

V~V' 
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quadrant electrometer that when the capacities of the 
separate parts are adjusted to equality there shall be no 
deflexion in the electrometer, whatever be the amount or 
sign of the electrification at the moment. This arrange- 
ment, when employed in conjunction with an induction 
coil (Fig. 135) and a rapid commutator, admits of the in- 
ductive capacity being measured when the duration of 
the actual charge is only very small, the electrification 
being reversed 12,000 times per second. Such an instru- 
ment, therefore, overcomes one great difficulty besetting 
these measurements, namely, that owing to the apparent 
absorption of part of the " charge by the dielectric (as 
mentioned in Art. 61), the capacity of the substance, 
when measured slowly, is different from its “ instantane- 
ous capacity” This electric absorption is discussed 
further in Art. 299. For this reason the values assigned 
by different observers for the dielectric capacity of various 
substances differ to a most perplexing degree, especially 
in the case of the less perfect insulators. The following 
table summarizes Gordons observations : — 


Air 
Glass 
Ebonite , 
Guttapercha . 
Indiarubber . 
Paraffin (solid) 
Shellac , 
Sulphur . 


1-00 

3-013 to 3*258 

2-284 

2*462 

2*220 to 2-497 

1- 9936 

2- 74 
2*58 


Hopkinson, whose method was a “slow” one, found 
for glass much higher inductive capacities, ranging from 
6*5 to 10*1, the denser kinds having higher capacities. 
Mica has values ranging from 5*5 to 8. Cavendish 
observed that the apparent capacity of glass became much 
greater at those temperatures at which it begins to con- 
duct electricity. Boltzmann has announced that in the 
case of two crystalline substances, Iceland spar and sul- 
phur, the inductive capacity is different in different 
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if crystallisation* 

?8, Dielectric Capacity of liquid* and 
(S,— 1 The dir loo trio m|«U‘ity of liquid?* al*t has 
ic values, Jis follow#* i 
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by means of Iijm nppirntu* (Fin 1 *» ! "S «•«>»' »»f iIj» 
isers being filled with nit*, the other \%\th ih* 
was let in through tlm hq* U4m ih» j»g»)«rfK ?iftrr 
tioii by an air pump. The method mm Ux* r**»gd*, 
jr to enable him to detect any d terror# Mwrrw 
More recently IhdUtimiiii, arid fmhqwtphjjittj 
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molecular movement accompanies the changes of dielectric 
atresH, 

300. Bleotrio Expansion, — ’ Fontana noticed that 
the internal volume of a Leyden jar increased when it 
was charged. Priestley and Volta sought to explain this 
by suggesting that the. attraction between the two charged 
surfaces compressed the. glass and caused it to expand 
laterally, Dutev allowed that the amount of apparent 
expansion was inversely proportional to the thickness of 
the glass, and varied (is tlm square, of the potential differ- 
ence. Quincke has recently shown that though glass and 
some other insulators exhibit electrical expansion, an 
apparent contraction is shown by resins and oily bodies 
under electrostatic stress. Ho connects with these pro- 
perties tlm production of optical strain and of double 
refraction discovered by Kerr. (See, Lesson on Electro- 
opium, Art. 52ft), 

301, Submarine Cables as CJonclonsers. — A 
mibmamm telegraph cabin may act as a condenser, the 
ocean forming tlm outer coating, the internal wire the 
inner coating, while, the insulating layers of guttapercha 
m>tve as dielectric. When one cud of a submerged cable 
is connected to, say, Urn 4* pole of a powerful battery, 
electricity Hows into it. Before any signal can be 
received at tlm other end, enough electricity must flow 
in to charge tlm cable to a considerable potential, an 
operation which may in the case of long cables require 
Home aecmuk Faraday predicted that this retardation 
would occur. It is, in actual fact, a 'serious obstacle to 
rapid signalling through. Atlantic and other cables. 
Professor Fleeming Jenkin has given the following 
experimental demonstration of (ho matter. Let a mile 
of insulated cable wire ha coiled up in a tub of water 
(Fig. 158), arm end N being insulated. The other end 
is joined up through a long-coil galvanometer G to 
the + polo of a large battery, whoso - pole is joined by a 
wire to tlm water in the tub. Directly this is done, the 
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jedle of tlie galvanometer will sliow a violent deflexion, 
ectricity rushing through it into the interior of the 
( ble, and a — charge being accumulated on the outside of 
where the water touches the guttapercha. Eor perhaps 
i hour the flow will go on, though diminishing, until the 
dole is fully charged. Now remove the battery, and 
isteaA join up ct> and b by a wire ; tbe charge in the 
ible will rush out through the galvanometer, which will 



show an opposite deflexion, and the residual charge will 
continue tc soaking out ” for a long time. 

Long land-lines carried overhead also possess a measur- 
able capacity, and tend to retard the signals. 

302. Use of Condensers. To obviate this retarda- 

tion and increase the speed of signalling in cables * several 
devices are adopted. Very delicate receiving instruments 
are used, requiring only a feeble current ; for with the 
feebler batteries the actual charge given to the cable is 
less. In some cases a key is employed which, after 
every signal, immediately sends into the cable a charge 
of opposite sign, to sweep out, as it were, the charge e 
behind. Often a condenser of several microfarads’ 
capacity is interposed in the circuit at each end of the 
cable to curb the signal, or make it shorter and sharper, 
and by its reaction assist the discharge. In duplex 
signalling (Art. 503) the resistance and electrostatic capa- 

* Tlio capacity of the “ Direct” Atlantic cable from Ballmslcelligs 
(It eland) to Nova Scotia is 992 microfarads. 


Murmu Muirlioud constructed for duplexing the Atlantic 
cable a condenser containing 100,000 sijuarc feet (over 
two acres of surface.) of tinfoil. Condensers arc also 
occasionally used ou telegraph Hugh in single working to 
obviate, disturbances from earth currents. They are con- 
structed by placing sheets of tinfoil between sheets of 
mica or of paraflined paper, alternate, sheets of foil being 
connected together. Tin* paper is the, finest bank-wove, 
carefully selected to be free, from minute holes. Two 
thicknesses, drawn through a bath of the purest paraffin 
wax heated till it melts, are laid between each foil and 
the next ; care being taken to exclude air bubbles. When 
a Huftleiont number have, been assembled hot they are put 
under pressure to cool, and afterwards adjusted. Small 
condensers of similar cun sir nation are used in connexion 
with induction coils (Fig. 12M). 

303. Praotioal Unit of Oapaoity,*— Electricians 
adopt a unit of capavitij , termed one farad, based on the 
system of electromagnetic units. A condenser of one 
farad capacity would be raised to 
a potential of ono volt by a charge 
of one coulomb of electricity.* In 
practice such a condenser would bo 
too enormous to be constructed; 
the earth itself, as an isolated 
fiphere, has a capacity of only 
icoan °f a fowl* As a practical 
unit of capacity is therefore chosen 
the microfarad, or one millionth 
of a farad ; a capacity about ctjmil to that of three miles 
of an Atlantic cable, OondtumerR of only \ microfarad 
* capacity arc about equal to one nautical mile of cable, 
They contain about 1200 square inches of foil, dhe 
* Bee list of Practical Kkctiumagnollo Units, Art. 854. 
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dielectric in tliem is usually mica, in thin sheets Their 
general form is shown in Fig. 159. The two brass pieces 
upon the ebonite top are connected respectively with the 
two series of alternate sheets of tinfoil. The plug between 
them serves to keep the condenser discharged when not 
in use. 

Methods of measuring the capacity of a condenser are 
given in Art. 418. 

304. Formulae for Capacities of Conductors 
and Condensers. — The following fornnihe give the 
capacity of condensers of all ordinary forms, in electro- 
static units : — 

Sphere: (radius = r. See Art. 271). 

K = r. 

Two Concentric Spheres : (radii r and r , dielectric 
capacity, k). 

k = kdoiL . 

r' - r 

Cylinder : (length = Z, radius — r). 

K = — - — 

2 log e L 
r 

Two Concentric Cylinders : (length. = l, dielectric 
capacity « h % internal radius = r } external radius 

= r0 * Z 

K = h — • 

2 log € l 
r 

Circular Dish : (radius =» r, thickness negligible). 

K — 2 rjir. 

Two Circular Disks : (like air condenser. Art. 56, 
radii == r , surface = S, thickness of dielectric b 3 
dielectric capacity = Jc). 

K = Ajt8/46, 

or K. = /cS/47t6. 

XT 
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'Die latter formula applies to any two parallel disks of 
rndWr S, whether circular or otherwise, provided they 
are Utrtjr as compared with the distance h between them. 
Tu calculate down to microfarads tlw numbers given by 
any of tin* above must be divided by 000,000. 

805, Kuortfy of Discharge of Leyden Jar or 
OumhmHor. it follows from the definition of potential, 
given in Art, iJ0«b that in bringing up one + unit of 
electricity to the potential V, the work done is Y ergs. 
This assumes, however, that the total potential Y is not 
thereby mined, and on this assumption the work* done in 
bringing up Q units would he QY cnja. If, however, the 
potential is nothing to begin with, mid is raised to Y by 
the charge ( x >, the average potential during the operation 
i^only IV ; henee the total work done in bringing up the 
charge Q from zero potential to potential Y is JQY ergs. 
Now, nerort ling to the principle of the conservation of 
energy, tin' work done in charging a jar or condenser with 
electricity in equal in the work which could be done by 
that quantity of electricity when tlie jar is discharged, 
Hence ,U 4 tV represents also the energy of the discharge. 

Since (j - VK, it follows that we may write JQY in 

tin* form That is to say, if a condenser of capacity K 
w h 

i>i charged by having a charge Q imparted to it, the energy 
of the charge is proportional directly to the square of the 
quantity, and inversely to the capacity of the condenser. 

806, Symbol for Condenser.-— Electricians use 
m symbols for condensers in diagrams of electric circuits 

those given in Pig, 160. 
The origin of these 
symbols is the alternate 
layers of tinfoils. The 
Kl * m symbol on the right 

mtggestM six layers of foil, of which the first, third, and fifth 

* U q W utven in n»wf«m/w iuul V In volts , Clio work will ko oxi>™ ssed not 
in try* but in Joule* (Art. IIM). 
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e joined together, and the second, fourth, and sixth are 
so joined together. 

307. Capacities joined in Parallel. — To join two 
ndensers together in parallel the positive foils of one 
e joined to the positive foils of the other, and their 
sgative foils are also joined together. In Pig. 161 the 
jo condensers K x and K 2 are joined in parallel. They 
ill thus act simply like one large condenser of capacity 
: K x 4- K 2 . Any charge flowing in on the 4- side will 
vide between the two in porportion to their capacities. 

If two equal Leyden jars are charged to the same 
jtential, and then their inside and outside coatings are 
speetively joined, their 
died charge will be the 
me as that of a jar of 
[ual thickness, but liav- 
g twice the amount of 
.rface. 

If a charged Leyden jar 
placed similarly in com- 
unieation with an uncharged jar of equal capacity, the 
Large will be shared equally between the two jars, and 
iQ passage of electricity from one to the other will be 
ddenced by the production of a spark when the respective 
latings are put into communication. Here, however, half 
ie energy of the charge is lost in the operation of sharing 
Le charge, for each jar will have only -JQ for its charge 
id for its potential ; hence the energy of the charge 
' each, being half the product of charge and potential, will 
lly be one quarter of the original energy. The spark 
liicli passes in the operation of dividing the charge is, 
tdeed, evidence of the loss of energy ; it is about half as 
Dwerful as the spark would have been if the first jar had 
sen simply discharged, and it is just twice as powerful as 
ie small sparks yielded finally by the discharge of each 
,v after the charge has been shared between them. 

The energy of a charge of the jar manifests itself, as 
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Mulvd ah»»vi\ )>y tin* pritiWlion id a kjhu-U at. discharge • 

I Is*- lij<lit, unit lu*ut prudumt being the etj^uivalent 

«f III.- mmgy hlmvtl up* IT drsrhurgu is efeted slowly 
llivnr.. It w long thin whv of high v^Kisianuo thuair spark 
limy W ii-i'lihs hut tin* win*, may hu pmv.eq>Uhly heated. 
A w«t filing Whig u lVfhh* conductor allbi-ds a slow and 
uhuM t mI»-ii! liiM'havgt* ; here probably Urn electrolytic 
t'itu>Uiviit«u <>f the uubrduiv is accompanied hy an action 
i» N*mS*liug that nf si-nmilnry huUcricft (Lensim 492) tend- 
ing l*» prulnug the duration of the diHclmrge. 

tit'XI. Capital ti oh joined in Series. - -Tf two con- 
deii*'.-!** are joined iii aeries limy will art uh a condenser 
h iMii ;• a Ie> M-r nqmcilv than either of them separately, 
V A* 1 1 i .in? t*t{«u'ihi in nr rim trill In- thr. reciprocal of the 
sum */ thr iv ci urin al# tf thn'r cnjuiciticn separately. 


pft'Ksf. U’l two i’mi«h*»i«eis K, and K a lies sot in kutIus (Pig. 
IU’4) l^tWfcHtui two jNfiiiilH ucrnsH which there is a dillurcuois of 
potential V. Tliis difference of 
potential will ho divided between 
the two inversely in proportion to 
their capacities, seeing that the 
quantities of electricity that are 
displaced into and nut of their 
respective coatings are necessarily 
equal. Or, if t£ he this quantity, 
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.,..1 K, t!i>’ I’Hi-.iiU' or joint onpucity of tho two togotta, to find 
tlt«* Utter, w«* have : - 

q Y,Kj V, s K y VK;i 

«|»d t • \ j t ^ ’ii * * 

From { 1 1 «*’ 


0) 

« 


411*1 


v, 

V* 


VK ; ,/K l} 

VK S1 /K a . 


In^nmg \\i**s Ul C4 we get 

V YKjJK t i VK.JK.ji 
dividing d*>wn by VK a , we get 
l 1 t 1 
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Example . — If two condensers, respectively 3 ami 2 microfarads, are 
joined in series, they will act as a single condenser of capacity 
s=l /(A + 3) = 1 1 microfarads. 

309. Charge of Jars arranged in Cascade. — 

inklin suggested that a series of jars ruiglit be arranged, 
outer coating of one being connected with the inner 
i of the next, the outer coating of the last being con- 
ned to earth. The object of this arrangement was that 
: second jar might he charged with the electricity 
celled from the outer coating of the first, the third from 
t of the second, and so on. This “ cascade v arrange- 
nt, however, is of no advantage, the sum of the 
Lrges accumulated in the series being only equal to that 
one single jar if used aloue. Por if the inner coating 
the first jar be raised to V, that of the outer coating 
the last jar remaining at zero in contact with earth, the 
ference of potential between the outer and inner coating 

any one jar will he only - V, where n is number of 

a. And as the charge in each jar is equal to its 
mcity K, multiplied by its potential, the charge in 

ih will only be ~ KV, and in the whole n jars the total 

rrge will be n - KV, or KV, or equals the charge of one 
1 of capacity K raised to the same potential Y. 


Lesson XXI Y. — Phenomena of Discharge 

310. Conductive Discharge. — An electrified con- 
ctor may be discharged in at least tlvree different ways, 
pending on the medium through which the discharge 
effected, and varying with the circumstances of the 
^charge. If the discharge takes place by the passage 
a continuous current , as when electricity flows through 
thin wire connecting the knobs of an influence machine, 
joining the positive pole of a battery to the negative 
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pole, the operation is termed a “conductive” dis- 
charge. Under some circumstances a conductive discharge 
takes the nature of an oscillation to and fro (Art. 516). 

311. Disruptive Discharge. — It has been shown 
how influence across a non-conducting medium is always 
accompanied by a mechanical stress upon the medium ; 
the tension along the electric lines of force increasing aa 
the square of the intensity of the electric field. If this 
stress is very great the non-conducting medium will 
suddenly give way and a spark will burst across it. 
Such a discharge is called a “ disruptive ” discharge. 

A very simple experiment will set the matter in a 
clear light. Suppose a metal ball charged with + electri- 
fication to be hung by a silk string above a metal plate 
lying on the ground. If we lower down the suspended 
ball a spark will pass between it and the plate when they 
come very near together, and the ball will then be found 
to have lost all its previous charge. It was charged with 
a certain quantity of electricity ; and as it had, when 
suspended out of the range of other conductors, a certain 
capacity (numerically equal to its radius in centimetres), 
the electricity on it would be at a certain potential 
(namely = Q/K), and the charge would be distributed 
uniformly all over it. The plate lying on the earth 
would be all the while at zero potential But when the 
suspended ball was lowered down towards the plate the 
previous state of things was altered. In the presence of 
the 4- charge of the ball the potential* of the plate 
would rise, were it not that, by influence, just enough 
negative electrification appears on it to keep its potential 
still the same as that of the earth. The tension in the 
electric field will draw the + charge of the ball down- 
wards, and alter the distribution of the charge, the surface- 
density becoming greater at the under surface of the ball 

* Tlie student must remember that, by the definition of potential in 
Art. 263, the potential at a point is tlio sum of all tho separato quantities 
of electricity near it, divided each by its distance from the point. 
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id less on the upper. The capacity of the ball will 1 e 
Lcreased, and therefore its potential will fall e^rre- 
>ondingly. The layer of air between the ball ami the 
Late is acting like the glass of a Leyden jar. The more 
le ball is lowered down tbe greater is the accumulation 
l tbe opposite kinds of charge on each side of the layer 
f air, and tbe tension across the layer becomes greater 
nd greater, until tbe limit of tbe dielectric strength is 
cached ; tbe air suddenly gives way and tbe spark tears 
pjath across. 

312. Convective Discharge. — A third kind of 
.ischarge, differing from either of those above mentioned, 
oay take place, and occurs chiefly when electricity of a 
iigh potential discharges itself at a pointed conductor by 
lc cumulating there with so great a density as to electrify 
-he neighbouring particles of air ; these particles then 
lying off by repulsion, conveying away part of the charge 
with them. Such convective discharges may occur either in 
gases or in liquids, hut are best manifested in air and 
other gases at a low pressure, in tubes exhausted by axu 
air pump. 

The discharge of a quantity of electricity in any of the 
above ways is always accompanied by a tamsfornaatioii u£ 
its energy into energy of some other kind, — sound, light* 
heat, chemical actions, and other phenomena being pro- 
duced. These effects must be treated in detail 

313. Leng-tli of Spark. — Generally speaking, the 
length of spark between two conductors increases wiili 
the difference between their potentials. It is also foundL 
to increase when tbe pressure of the air is diminidiedU 
Hiess found the distance to increase in a proportion » 
little exceeding that of the difference of potentials- Lord! 
Kelvin confirmed this by measuring by means of aun 
“absolute electrometer” (Art. 287) the difference ol 
potential necessary to produce a spark discharge htwees 
two parallel plates at different distances. De la Kai 
and Midler found with their great battery (Art. 1BCI 
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tli.ii with ;i dittVrence <»f potential of 1000 volts the strik- 
uu'ditunv »«l' tin* spark wuk only *0127 centimetres (or 
uUmt *„ of an inch), and with a di (revenue of 10,000 
\*4i Miiiy l '300. Their 1 1,000 Hilver cells gave aapark 
v.l t \Vo n niim. (sil «ml $ of an inch) lung. To produce a 
ip. ok *•?**■ mih* lung, through air at the. ordinary pressure, 
U“U»«i iht r*dnn* require a dilferoure of potential exceeding 
tli.it f irm d»«*d by 1,000,0004)00 l ItuiielTH cells ! 

Tin* h-iigth id' the .spark dilfeVH in dilhmml gases, being 
muh t\vi*r aM lmig in hydrogen an in air at the same 
di u On. Ur tu pn dure in hydrogen a spark as long as 
.♦jo* in air ivijuuvk less voltage. On tho other hand, 
r«f1i“!in ii i-id ‘Mf«, whilst it is stronger than air for short 
rpuh > i*» Wi’.lUer fur lullg ones, 

lie’ putrut ini needful to produce a spark of given 
h n.’th ui a given gas is independent of tho kind of metal 
timd ii* fleet nnleM, hut depends Upon their shape. If 
|msnu nru n*ed instead of halls it is found that, at equal 
\«ds.»ge, p‘*mtH are heat for long sparks, hut are worst for 
idimt nparks. 

A»*>‘?dmg tu Peace’s observations a minimum poten- 
tial uf hrtwn-u 3ou and doo volts in necessary to start a 
rpuk, huu.-ver short, in air. Kor sparks not under two 
uiiShmeUv’i in length the volts necessary to start a spark 
a length of l centimetres may he approximately 
t \p!« . rd hy the eipmthm 

v • 1500 !* 30,000 l, 

*n„. r„n..wiiiK l.ea**, eivhmhitml fnim tho results of 
(I- ..hvnll.T, j.'ivci till. v.iltH ]ir.(H>Hwny to product) a spark 
in m •.! i.V l‘. mill 71! ct'ntimoln'H pmwiru hi '.tween two 
... ,.i v.u'i'.UM xi/i'ii. Tim liKiin* wnst ho increased 
1 }«-r , . III t.,1- IV lull of !) ih'h'i'i'i'K of temperature, or for a 
ni»o uf a milUmetreM of pressure. 
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Radius of Balls. 

Distance between Balls (CtoiittniH.) 

0-1 

OTi 

1*0 

1*5 

(,'mifcimn. 

2-fi 

Volts. 

dfiOO 

Volta. 

18900 

Volts. 

33840 

Volts. 

47010 

1-0 

'1MI10 

18090 

32120 

41160 

O’fl 

'I9f>0 

17790 

27 mo 

32400 

0-25 

<1980 

1(3200 

20790 

22980 


In rarefied air tlio spark is longer. Snow Harris 
;ated tliat the length of spark was inversely propor- 
onal to the pressure, hut this law is not quite correct, 
eing approximately true only for pressures between 
lat of 11 inches of mercury and that of 30 inches 
me atmosphere). At lower pressures, as Gordon found, 
greater difference of potential must he used to produce a 
iark than that which would accord with Harris's law. 
rom this it would appear that thin layers of air oppose 
proportionally greater resistance to the piercing power 
■ the spark than thick layers, and possess greater 
[electric strength, 

Faraday, using two spheres of different sizes, found 
le spark-length greater when the smaller sphere was 
Dsitive than when it was negative. 

With rapidly - alternating differences of potential, 
caller virtual voltages suffice for the same spark-length, 
r the length depends on the maximum, not on the mean 
due. Using a hall of 1 cm. diameter and a disk, 
lexandcr Siemens found 3200 virtual volts to he needed 
0*1 cm. distance, and 11,000 at 0*B cm, distance apart. 

The dielectric strength of a gas appears to he weaker 
lion held is varying than when it is steady. When the 
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village in nearly high enough to product 1 , a spark, revers- 
ing lli«* poles will Muueiimes start a spark. Moreover, 
whiMi oner a .spark lias passed it is easier for a second one 
to lAllow uu t In* same track. Probably the first spark 
produ. »■ * ehemi^al diHsueialions in its path which do not 
nmUutly pa > t away. 

Her!/ made the singular observation that ultra-violet 
light f.f. aetinie waves) falling upon tins kfttliode surface 
it to disehar^’ (sets Art. 531). 

A per tee t vaemuu is a perfect insulator — no spark will 
»• !’*<»»•< it. It in pussihic to exhaust a tube so perfectly that 
man* nf mu* electric maeliiue.H nr appliances can send a 
.fjMik through the vacuous space even over so short a dis- 
tance a i one cent imetre. 

On the other hand, a great, increase of pressure also 
mereasi ^ the dielectric strength of air, and causes it to 
resist the pa rage of a spark. Oaillctct compressed dry 
air at iti f»o atmospheres’ pressure, and found that 
wen the spark of a powerful induction, coil failed to cross 
a i*paec of *Of» centimetres’ width. 

314. FlnmoH and Hot Air.— The arc produced by 
the parage of an electric, current between two carbon 
jHtlrrt 11 treated uf in Art. 4*18. It is a species of ilame 
which conducts the current from the tip of one carbon 
i*i H 1 to fhe Other, while volatilizing the carbon, and requires 
only «omu thirty to fifty volts for its maintenance. The 
alternate current arc generated in air by high-frequency 
dt«w barges at a potential of 10,000 to 50,000 volts is a 
different phenomenon, and is apparently an endothermic 
flame *4 nitrogen and oxygen burned together. 

Sparks am longer and slraighlcr through hot air 
than through .add. If air or other permanent gas is, 
however, heated in a closed vessel so that its density 
tvimun* unaltered, the voltage needful to produce dis- 
charge remains the same. ; unless, indeed, the gas be 
limited to point of dissociation when discharge occurs at 
h»w voltage. 
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ies and currents of very hot air, such as those 
cm a red-hot piece of iron, are extremely good 
irs of electricity, and act even "better than 
points in discharging a charged conductor, 
showed that an electrified body placed near a 
t its charge ; and the very readiest way to rid 
ice of a charged body of low conducting power of 
imparted to it by friction or otherwise, is to pass 
gli the (lame of a spirit-lamp, Faraday found 
electrification to be thus more easily discharged 
sitivc. Flames powerfully negatively electrified 
elled from conductors, though not so when 
y electrified. Sir W. Grove showed that a current 
} in a platinum wire, one end of which touches 
and the other the base, of a flame, 
rie showed that a red-hot iron ball cannot be 
y, but may bo negatively charged. When white- 
ill retain neither kind of charge. 

Mechanical Effects. — Chief amongst the 
cal effects of the disruptive spark discharge is 
tering and piercing of glass and other insulators, 
lectric strength of glass, though much greater than 
air, is not infinitely great. A slab of glass 3 
hick has been pierced by the discharge of a 
L induction coil. The so-called ££ toughened ” 
j a greater dielectric strength than ordinary glass, 
tore difficult to pierce. A sheet of glass may be 
pierced by a spark from a large Leyden jar or 
of jars, by taking the following precautions : — 
ss to bo pierced is laid upon a block of glass or 
rough which a wire is led by a suitable hole, one 
lie wire being connected with the outer coating of 
the other being cut off flush with the surface, 
n upper surface of the sheet of glass that is to be 
mother wire is fixed upright, its end being exactly 
the lower wire, the other extremity of this wire 
med with a metal knob to receive the spark from 
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tli*' hied* „f tin* jar <*r diMeharger. To ensure good insula- 
tion u hw of parallin oil, or of olive oil, are placed 

upon Do* r'ltuiil tin*, points where the wires touch it. • 

A piece of dry wood similarly treated is spl it, by a power- 
ful -.p-.uk. A layer nf oil resista lining pierced as muck 
n« a liver • <f air live or nix time.s an thick would do. 

If a -park is led through a t ightl y-eorkod glass tube 
i -ut uniu,* water, tin* lulu* will ho shattered into small 
pointed fragments hy the muhh*n expansion of the liquid. 

laillm nh-.rrvvd two curious cHeels when a piece of 
» ardhourd is perforated hy a spark between two metal 
j»*mt ■». /*W/v, then* is a alight l>urv rained on each side, 

>*-* i) ih<* h*de hud been pierced from the middle outwards, 
a-* though tie* Mn*as in the air had pulhl at the card. 
s» uwH’it ii' vlie two point h an*, not exactly opposite one 
the hole in found to he nearer tho mjalive point. 
Due if the experiment in tried under the air pump in a 
va«umtt, then* in no Hindi displacement ul the hole j it is 
then midway exactly. 

The mechanical action of the brush discharge at 
iMuutl-rt jh mentioned in Art. and the mechanical 
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310. Chemical Effects.— The chemical actions pro- 
dueed hy etimmlH of electricity have been described in 
U.HHMU* X l V. and XIX. Similar actions can be produced 
hy the electric spark, and hy t-lio nileut glow discharge 
(m*e Art. 3 i D}. Intraday showed, indeed, that electricity 
from uU kimlH of diirerent nouvees produced the same 
kimU of chemical actions, and he relied upon this as one 
prouf of the essential identity of the electricity produced 
In diilerrht ways. If sparks from an electric machine are 
ivedved nputi a picee »»f white blotting-paper moistened 
with n solution of iodide of potaium, brown patches arc 
uuiiced whore the spark has e Heeled a chemical decom- 
iMniitiiiti and lihemfed tin* iodine. 

When a Htrcttiu «f sparks in pawed through moist air 
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in £i vessel, lho air is found to have acquired i in- |u«»jm ri y 
of changing to a ml colour it piece of paper Maim-d him* 
with litmus. This, Gtivuiul iwli showed, was due t<« I lie 
presence of nitric acid, pi*< i uimm! i»y tlm chemical union 
of the nitrogen and oxygen of the air. The e|fer|. i« brM 
shown with the stream of sparks yii-lili-d l<y a Huall iti 
duction coil (Fig. 130), in a vesnid in which l lie air )m« 
been compressed beyond the usual atmospheric pro^mv. 

Whenever an electric nmehiuo is 'jiving out high 
voltage discharges a peculiar odour is perceived. Tin i 
was formerly tli ought to he evidence of (lie r\i. b to <■ i«l 
an electric “eil In vium” or fluid ; it is now Known in he 
due to the presence of ozone, u modified form of o\\g< n 
gas, which differs from oxygen in being dewi-c, mon- 
active chemically, and in having a clmrarferiol i»* nm-ll. 
The silent discharge of the influence machine and that of 
the induction coil are particularly favourable fn ihe pin 
duction of this substance. 

The spark will decompose ammonia gas, and olefiant 
gas, and it will also cause chemical combination to lake 
place with explosion, when passed through detonating 
mixtures of gases. Thus equal volumes of chlorine and 
hydrogen arc exploded by the spark. Ho am oxygen and 
hydrogen gases, when mixed in the proportion c«f two 
volumes of the latter to one of the former, Even the 
explosive mixture of common coal gas mixed with from 
four to ten times its own volume of rmuiuun air, can he 
thus detonated. A common experiment with (In - mi railed 
electric pistol consists in filling a small brass vessel uilh 
detonating gases and then exploding them by a spark. 
The spark discharge is sometimes applied to llm tiring <d 
blasts and mines in military operations. 

31/7. Heating* Effeote. The (low of electricity 

through a resisting medium is in every case accompanied 
by an evolution of heat. Tim laws of heating dim to 
currents are given in Art 487. The disruptive discharge 
is a transfer of electricity through a medium of 
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resistance and accompanied by an evolution of heat. A lew 
drops nf ether in a metallic spoon arc easily kindled by 
an electric. spark. The spark from an electric machine, 
or even from a rubbed glass rod, sulliees to kindle an 
ordinary gas-jet. In certain districts of America, during 
the driest season of the year, the mere rubbing of a 
person’s shoes against the carpel, as lie shnilles across the 
Hour, generates sulliciont electrification to enable sparks 
to be drawn from bis body, and lie may light the gas by 
a single spark from bis outstretched finger. Gunpowder 
can he lived by the discharge of a Leyden jar, but the 
spark should be retarded by being passed through a wet 
thread, otherwise the powder will simply be scattered by 
the. spark. 

The Electric Air~Thcrmomdcr , invented by Kinnersley * 
servos to investigate the beating powers of the discharge. 

1 1 consists of a glass vessel enclosing air, and communi- 
cating with a tube partly filled with water or other liipiid, 
in order to observe changes of volume or of pressure. 
Into this vessel are led two metal rods, between which is 
suspended a thin wire, or a filament of gilt paper ; or 
a spark can lie allowed simply to cross between them. 
When the discharge passes the enclosed air is heated, 
expands, and causes a movement of the indicating column 
of liquid. The results of observation with these instru- 
ments are as follows Tho heating ellV.ct produced by 
a given charge in a wire of given length is inversely 
proportional to tiro stpmro of the area of the cross section 
of the wire. The total heat evolved is jointly propor- 
tional to the charge, and to the potential through which 
it falls. In fact, if the entire energy of the discharge is 
expended in producing heat, and in doing no other kind 
of work, then the heat developed will be the thermal 

* THU instrument UKTui’H in no chnciiLIuI roHpcct from that devised 
tilrmty years labor by HIohh, to whom Urn Instrument Jk uflou accredited. 
UIpas, hmvovni*, deduced quantitative lawn, while Klnnomloy contented 
himaelf with qualitative obHiwvaUoiirt. 
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equivalent of iQV crtjs, or 


% calories; 


where J" re- 


presents the mechanical equivalent of heat (J = 42 
million; since 42 x 10° m/s = 1 caloric ), and Q and Y 
are expressed in C.G.S. units. 

When a powerful discharge takes place through very 
thin wires, they may he heated to redness, and even fused 
by the heat evolved. Van Marum thus once heated 70 
feet of wire by a powerful discharge. A narrow strip of 
tinfoil is readily fused by the charge of a large Leyden 
jar, or battery of jars. A piece of gold leaf is in like 
manner volatilized by a powerful discharge. Franklin 
utilized this property for a rude process of multiplying 
portraits or other patterns, which, being first cut out in 
card, were reproduced in a silhouette of metallic particles 
on a second card, by the device of laying above them a 
film of gold or silver leaf covered again with a piece of 
card or paper ; a Leyden battery being then discharged 
through the leaf. 

318. Luminous Effects. — The discharge exhibits 
many beautiful and varied luminous effects under different 
conditions. The spark of the disruptive discharge is 
usually a thin brilliant streak of light. When it takes 
place between two metallic balls, separated only by a 
short interval, it usually appears as a single thin and 
brilliant line. If, however, the distance he as much as a 
few centimetres, the spark takes an irregular zigzag form. 
In any case its path is along the line of least resistance, 
the presence of minute motes of dust floating in the air 
being quite sufficient to determine the zigzag character. 
Often the spark exhibits curious ramifications and fork- 
ings, of which ail illustration is given in Fig. 163, which 
is drawn one - eighth of the actual size of the spark 
obtained from an electrical machine. Photographs of 
lightning flashes almost always show similar branching. 
The branches always point toward the negative electrode. 
The discharge from a Leyden jar affords a much brighter, 
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shorter, lmiriur spar k titan the. spark drawn direct from 
tin* cullerlm* of a machine. Thu length (nee Art. 313) 
depends uj»uu tin* potential, and upon tlio pressure and 
temperature of tin* uir in which the discharge takes place. 
Tin* brilliance depends chielly upon the ipianlity of the 
dUlmrge, The ccduitr <»f the spark varies witli tlio 
nature t»l* the metal surfaces between which the discharge 
takes place ; fur tin* spark tears away in its passage small 
portions of tin* metal surfaces, and volatilizes them. Be- 
tween copper or silver terminals the spark takes a green 
tint, while hetwemi iron knolia it is of a reddish hue. 



Fig, m 


Kxiiminulimt with the spectroscope reveals the presence 
in the spark of the rays elmraeteriatic of tlio incandescent 
vapours of the several metals. 

310. Brush Discharge: (Bow Discharge.— If 
an electric machine is vigorously worked, hut no sparks 
he drawn from its collector, a Hue diverging brush of 
pah! Id no light can he seen (in a dark room) streaming 
from tin! brass hull at the end of it farthest from the 
collecting couth ; a hissing or crackling Bound always 
accompanies this kind of discharge. Idte brush ^dis- 
charge consists of innumerable, lino twig-like ramifications, 
presenting a form of which Fig. 104 gives a fine example. 
The brightness and size, of the hrmh is increased by 
holding a Hat plate of mulul a little way from it. With 
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a smaller ball, or with a bluntly-pointed win*, tin* bni>h 
appears smaller, but is more distinct and nxilirinniiM, 
When discharge is going on between two bails the 
brushes are never alike. At; the punitive ball or anode 
the brush discharge is larger and more minified than at 
the negative ball. But the negative brush in more madly 
formed than the positive. Wheatstone, found by using hm 
rotating mirror that the brush discharge is really a eerieM 



fik. 


of successive partial sparks at rapid hitemiln. Metallic 
dust is in every case turn away from the electrode by U,e 
brush discharge. 

If the blunt or rounded conductor he r ,. ( i, v u 
pointed one, tlie brush disappears mid gives |i|/u-i> u , a 
quiet and continuous ylmo where 1.1 ie. eleetrilied imrlit-U-M 
of air are streaming away at 1,1m point. If these run- 
vexion-streanm are impeded the glow may once mure 
give place to the brush. Where a negative charge in 
emg discharged at a point, the. glow often appeiim to 
he separated from the surface of the conductor 1„‘ a dark 
space, where the air, without hecuiuing luminous, still 
x 
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convoy r the oleotriejity. This phenomenon, to which 
Faraday gave tlm name of the “dark" discharge is very 
well mm when electricity is discharged through rarefied 
air ami other gases in vacuum tubes. 

A spark discharge may degenerate into a brush if the 
surface of the electrode becomes pitted or roughened by 
frequent discharges, lienee in all spark experiments it is 
important to keep the discharging halls highly 'polished. 

820. Discharges in Pai'tial Vaoua,--- If the dis- 
charge taken place in glass tubes or vessels from which the 
air has been partially exhausted, many remarkable and 
beautiful luminous phenomena are produced. A common 
form of vessel is the ‘‘electric egg” (Fig. 137), a sort of 
oval hotlle that can ho screwed to nu air pump, and 
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furnished with brass knobs to load in the sparks. More 
often “vacuum tubes,” such, as those manufactured by 
the celebrated Geissler, are employed. Those are merely 
tubes of thin glass blown into bulbous or spiral forms, 
provided with tsvo electrodes of platinum wire fused into 
the glass, and sealed off after being partially exhausted 
of air by a mercurial air pump. Of these Geissler tubes 
the most useful consist of two bulbs joined by a narrow 
tuba (Fig, 105), the luminous effects being usually more 
intense in the contracted portion, Such tubes are readily 
illuminated by discharges from an elcctrophorus or an 
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influence machine ; but it is more common to work them 
with the spark of an induction coil (Pig. 135). A coil 
capable of throwing a -J-inch spark in air will illuminate 
a vacuum, tube 6 or 8 inches long. Where an alternate- 
current supply is available small transformers (Art. 228) 
wound to deliver ampere at 5000 volts serve admirably 
for lighting vacuum tubes. 

Through such tubes, before exhaustion, the spark passes 
without any unusual phenomena being produced. As the 
air is exhausted the sparks become less sharply defined, 
and widen out to occupy the whole tube, becoming pale 
in tint and nebulous in form. The kathode exhibits a 
beautiful bluish or violet glow, separated from the con- 
ductor by a narrow dark space , while at the anode a single 
small bright star of light is all that remains. At a certain 
degree of exhaustion the light in the tube breaks up into 
a set of striae , or patches of light of a cup-like form, which 
vibrate to and fro between darker spaces. In nitrogen 
gas the violet aureole glowing around the kathode is very 
bright, the rest of the light being rosy in tint. In oxygen 
the difference is not so marked;' In hydrogen gas the tint 
of the discharge is bluish, except where the tube is narrow, 
where a beautiful crimson may be seen. With carbonic 
acid gas the light is remarkably white. Particles of 
metal are torn off from the kathode, and projected from 
its surface. The kathode is also usually the hotter when 
made of similar dimensions to the anode. If the anode 
is heated and the kathode kept cool no discharge will 
pasB. The luminosity disappears from the rarefied air in 
the neighbourhood of a red-hot platinum spiral inside the 
tube. If the kathode gets white-hot the glow disappears, 
and the gas conducts freely without shining. It is also 
observed that the light of these discharges in vacuo is 
rich in those rays which produce phosphorescence and 
fluorescence. Many beautiful effects are therefore pro- 
duced by blowing tubes in uranium glass, which fluoresces 
with a fine green light, and by placing solutions of 
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»«v ntlu'r llumvsuuul liquids in outer tubes of 
i\9A, Phonomona in High Vacua. — Crookes has 


ih.it \vlu*n inhaust ion is curried to a very high 
i\i'.*ur Dm dark space separating the negative glow 
U.«m i hr urjMtiv** pule inerenKCH in width* and that 
.mi \\w ■» -pace electrified molecules are projected in 
jalh. normally from the surface of tlie kathode. 
II r\h.itHiMii hr curried to .such a high degree that the 
.huh tills the entire tube or bulb, the glass walls 

! H v..iur beautifully phosphorescent. Diamonds, rubies, and 

even, white powdered 



alumina placed in the 
t idles become brilliantly 
phosphorescent if tin 
kathode discharge ii 
directed upon them 
And if bodies (whetlie 
opaque or transparent 
he interposed in front c 
the electrode, sharply 
defined xhadown of tlies 
1 jodies are project* 


nunu ||»t- opposite wall of the vessel, as if they stopped tl 
|., 1 - will.’ I.r III.’ living' lmilri’-nli’H, and prevented thei 
I... in »icikiiiv! t In* ttpjntf.il n will), hi l'hg. 166 the katlioc 
K i« ji 4igliily .mu vex disk of aluminium. In tlie path 
tin. di«-lmi'K> : in nut a miihh cut out of mien. Its shadow 
mt tin- mul of (lie bull), which phosphoresces! 
nr.iuud tin- shadowed part. Thu auodu may ho oith 
a! A or .a l.ightly-poiNed vanes itru also driven round 
I iu tiu' path of tho ditu'.hargi 1 . Crookes regard 
(In i kiilliodn discharge iw exhibit! ng matter in an ult. 
v^oim or mil in id statu. A disk placed m the li 
I.r tin- kathode diHi'lmt'ge becomes thereby positivi 
I'lrrlnlieil. Thu kathode discharge is independent 
metal used as kathode, and is also independent 
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e position of the anode. Any restriction of space 
owid the kathode tends to stop the discharge. Similar 
lenomcna have been observed in vacuous tubes without 
L y internal electrodes. Hertz discovered that these 
ithodic tc rays w which will not pass through glass, mica, 
any transparent substance, will pass through metal 
il. Lenftrd, using a vacuum tube with a “ window 55 of 
Liminium foil at one end, has succeeded in passing the 
ithodic rays out into the air (in which they cannot 
i produced at all), and finds them to retain their re- 
writable property of exciting phosphorescence. 

In extremely high vacua there is an enormous re- 
ifcance, apparently due to some difficulty in the electric 
sclmrge leaving the electrode. The molecular con- 
ictivity of the rarefied gas is itself very high. Tor 
i equal number of molecules it is higher than that of 
,e metals. 

Holtz has more recently produced <c electric shadows/ 5 
r means of discharges in air at ordinary pressure, hc- 
f een the poles of the influence machine (Fig. 41), the 
scharge taking place between a point and a disk covered 
ith silk, on which the shadows are thrown. 

322. Strise. — The since ox stratifications have been 
amined very carefully by Gassiot, by Spottiswoode, and 
r De la Hue. The principal facts hitherto gleaned are 
follow : — The strirn originate at tbe anode at a certain 
'cssure, and become more numerous, as the exhaustion 
oceeds, up to a certain point, when they become thicker 
id diminish in number, until exhaustion is carried to 
.ch a point that no discharge will pass. J. J. Thomson 
und the column of striae to exhibit a nearly constant 
ectric resistance all along ; though beyond it in the 
sighbourkood of the kathode the resistance was much 
■eater. In a vacuum tube over 50 feet long the dis- 
targe was striated through whole length except near the 
ithode. If the kathode is moved forward the strise 
ove with it The striae dicker even when the con- 


turnons f.iimml from it buttery ni hoiiio. thousands of calls 
(Art. 1 H( 1) is used, There. is u maximum of steadiness 
with a particular density of current. This siriixs arc hotter 
than the spaces between The, number anil position 

of tin* atria* vary, not only with this exhaustion, hut with 
tin* dili'eivmv. of potentials of tlus electrodes Each portion 
of thi* column of Hi rim nuts uh an independent discharge. 
When Hirin' are produced hy the intermittent discharges 
of the induction, eoil, examination of them in a rotating 
mirmr reveals that they move forward from the anode 
towards the kathode, 

SelmMer ha« shown that the discharge through gases 
is a process resembling that of electrolysis (Art. 237), 
being accompanied hy breaking up of the. gaseous mole- 
cules and incessant interchanges of atoms between them. 
The production of ozone (Art. 316) and the phenomena 
noticed at the kathode (Art. 321) give support to this 
view. Amongst other evidence is the striking discovery 
of I lit turf that quite a few cells can. send a current 
through gas at ordinary pressures provided a spark-dis- 
charge is going uu in the neighbourhood. *1. »J. Iliomson 
finds that those gases which when heated are decomposed 
or molecidarly dissociated, so that free atoms are present, 
are also good eoudnetors. lie. regards chemical decom- 
position as an essential feature, of gaseous discharge. 

The discharges in vacuum tubes are affected. hy the 
ituufuat at all degrees of exhaustion, behaving like ilexible 
conductors. Under certain conditions also, the discharge 
is urntUiw to the presence of a conductor on the exterior 
of the tube, retreating from the side, where it iH touched. 
'Phis sensitive state up pours to he due to a periodic inter- 
mitlenec in the. discharge. ; an inter mi tte.nce or partial 
inlurmitteneo in the (low would also probably account for 
the production of striie. 

323. Velocity of Propagation of Discharge. ~ 
The earliest \xm of the rotating mirror to analyze pheno- 
mena of short duration was made hy Wheatstone, who 
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tteinpted by this nicaiiM to measure* “the velocity of 
lectricity ” in conducting wires. What he succeeded in 
measuring was not, however, the velocity of electricity , hut 
ho time taken hy a certain (quantity of electricity to 
ow through a conductor ol; considerable resistance and 
apacity. Viewed in a rotating mirror, a spark, of definite 
uration would appear to he drawn out into an elongated 
treak. Such an elongation was found to he visible when 
Leyden jar was discharged through a copper wire half 
mile long; and when the circuit was interrupted at 
hree points, ono in the middle and one at each end of this 
arc, three sparks were obtained, which, viewed in the 
lirror, showed a lateral displacement, indicating (with 
he particular rate of rotation employed) that the middle 
park took place ^ fjfiwor a second later than those at the 
nds. Wheatstone argued from this a velocity of 288,000 
dies per second. But Faraday showed that the apparent 
ate of propagation of a quantity of electricity must he 
ffeefced by the capacity of the conductor ; and lie even 
iredicted that since a submerged insulated cable acts like 
Leyden jar (see Art. 301), and lias to bo charged before 
lie potential at the distant end can rise, it will retard 
lie apparent How of electricity through it. Professor 
deeming , Tonkin says of one of tin*. Atlantic cables that, 
fter contact with the battery is made at ono end, no 
ffcct can he detected at the other for two- tenths of a 
2 cond, and tlmt then the received current gradually 
icreases, until about throe seconds afterwards it reaches 
jS maximum, and then, dies away. This retardation is 
roportional to the square of the length of the cable, being 
roportional both to its capacity and to its resistance ; hence 
; becomes very serious on long cables, reducing the 
peed of signalling. There is in fact no definite assign- 
ee “velocity of electricity.” In the case of wires 
ispended in air the velocity of propagation of any rapid 
Lectrical vibration is equal to the velocity of light. But 
i the case of slow vibrations, like those of telephonic 
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j-' ^ 1 m * i ug M-n(, through land lines or cables, the 
> » Wily may be murk less. 

\ s»n >imjde experiment will enable the student to 
\ * d :/* 4 ik*’ exceedingly short duration of tke spark of a 
l,»\«i* u jar. 1 ,r{ a round disk of cardboard painted 
\uth Id. eh and while sectors be rotated very rapidly so 
i.t»* l»« k h\ ordinary light like, a mere. gray surface. 
When tin . i illuminated 1 »y the spark of a Leyden jar it 
vpp, :u to he standing absolutely still, however rapidly 
>! may h,* turning A Hash, of lightning is equally in- 
nS.iikt.iiii'MUi ; it is ut terly impossible to determine at 
Yk hifli end the ihish begins* 

DlVl, Mine trio Dubt - Figures. — Electricity may 
> ree|* ehiwly u\vr the. surfaee of bad conductors. Lichten* 



,„ u . .i.-viM-t iM^-niouH mill ciwy wny oF iuvestigati 
- K , Ml.* Il-f.li .emus (.JHtiiUn ilnwnwntilH fmmUm clmwlH, so 

" ll.t 'll ; IHmiimi. VMOllI 


. i (.Mill 111.' call I*. This is mi optical illusion, rcsuH 
i.. Itelxt ..f .HIR.r.mtx»rUo.u.nf 
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ic distribution of electricity by means of certain electro - 
0 })ic 2 ?o?c<len\ Take acliargecl Leyden jar and write with 
ic knob of it upon a cake of pitch or a dry sheet of glass, 
lien sift, through a bit of muslin, over the cake a mixture 
F powdered red lead and sulphur (vermilion and ly co- 
odium powder answer equally well). The powders in 
lis process rub against one another, the red lead becoming 
b , the sulphur - . Hence the sulphur will be attracted 



Fig. 168. 


to those parts where there is -f- electrification on the disk, 
and settles down in curious branching yellow streaks like 
those shown in Fig. 167. The red lead settles down in 
little red heaps and patches where the electrification is 
negative. These rounded red patches indicate that the 
— discharge has been of the nature of a wind or silent 
discharge. The branching yellow streaks indicate that 
the positive discharge (as indeed may be heard) is of the 
nature of a brush. Fig. 168 show's the general appearance 
of the Lichtenberg's figure produced by holding the knob of 


previously been rubbed with Jflannel, the negative elec- 
trification being attracted upon all sides toward the 
central positive charge. These same powders may be 
used to investigate how surfaces have become electrified 
by rubbing, and how pyroelectric crystals (Art. 74) are 
electrified during cooling. 

Powdered tourmaline, warmed and then sifted over a 
sheet of glass previously electrified irregularly, will show 
similar figures, though not so well defined. 

Breath-figures can be made by electrifying a coin or 
other piece of metal laid upon a sheet of dry glass, 
and then breathing upon the glass where the coin lay, 
revealing a faint image of it on the surface of the glass. 

F. J. Smith finds that if a coin or engraving laid face- 
down upon a photographic dry-plate is sparked with an 
induction coil, the plate receives an invisible image which 
can be photographically developed. 

325. Physiological Effects. — The physiological 
effects of the current have been described in Lesson XX. 
Those produced by the spark-discharge are more sudden 
in character, but of the same general nature. Death is 
seldom the direct result The shock causes a sudden 
cessation of respiration, resulting in suffocation as from 
drowning. The bodies of persons struck by the lightning 
spark frequently exhibit markings of a reddish tint where 
the discharge in passing through the tissues has lacerated 
or destroyed them. Sometimes these markings present a 
singular ramified appearance, as though the discharge 
had spread in streams over the surface at its entry. 

326. Dissipation of Charge. — However well in- 
sulated a charged conductor may be, and however dry 
the surrounding air, it nevertheless slowly loses its charge, 
and in a few days will be found to be completely discharged. 
The rate of loss of charge is, however, not uniform- It 
is approximately proportional to the difference of potential 
between the body and the earth. Hence the rate of loss 


is greater at first than afterwards, and is greater for highly- 
charged bodies than for those feebly charged. The law 
of dissipation of charge therefore resembles Newton’s law 
of cooling, according to which the rate of cooling of a hot 
body is proportional to the difference of temperature be- 
tween it and the surrounding objects. If the potential 
of the body be measured at equal intervals of time it will 
be found to have diminished in a decreasing geometric 
series ; or the logarithms of the potentials at equal intervals 
of time will differ by equal amounts. The rate of loss is, 
however, greater at negatively-electrified surfaces than at 
positive. 

This may be represented by the following equation : 

v t =v 0 e-j* 

where V 0 represents the original potential and V t the potential 
after an interval L Here e stands for the number 2*71828 . . . 
(the base of the natural logarithms), and y; stands for the 
* 4 coefficient of leakage,” which depends upon the temperature, 
pressure, and humidity of the air. The same formula serves for 
the discharge of a condenser of capacity K through a resistance 
R ; if p is written for 1/KB. 

327. Positive and Negative Electrification. — 
The student will not have failed to notice throughout 
this lesson frequent differences between the behaviour 
of positive and negative electrification. The striking dis- 
similarity in the Lichtenberg’s figures, the displacement 
of the perforation -point in Lullin’s experiment, the un- 
equal tendency to dissipation at surfaces, the unequal 
action of heat on positive and negative charges, the re- 
markable differences in the various forms of brush and glow 
discharge, are all points that claim attention. G-assiot 
described the appearance in vacuum tubes as of a force 
emanating from the negative pole. Crookes’s experi- 
ments in high vacua show molecules to be violently 
discharged from the negative electrode, the vanes of a 
little flv enclosed in such tubes being moved from the 



wln-n funnel likt* partitions w ere fixed in a vacuum tube 
the resist an »v is much less when the. open mouths of the 
funnels face the negative eloetrude. These matters are 
vet <f uite unaccounted for by any existing theory of 
elect rieit \ . 


llir .mthor «»f these lessons is disposed to take the following 
vh-h on this pnmt: If rhvtrieity he really one ami not tm> 
t itle r the m» ealh'il jmsifttY or the netjodre clcctrilieaUou must be 
u hf.ile m which there is mure eleetrieity than in the surrounding 
j'pnee, nud the other must hr a state in which there is lew. The 
Muddit w nn in Art. 7* that in the present, state of the science 
we do ted know tor tvrtain whether “ positive M electrification is 
realty an * *d eleetrieity or a Now some of the pheno- 

mena alluded to m this Article seem to indicate that, the so-called 
"negative” elect nitration really is the state of excess, In par- 
ticular, the fa*t that the rate of dissipation of charge is greater 
t»»r negative electrification than for positive, points this way; 
because the law of !«»•,« of charge is tin* exact counterpart of the 
law of the loss of heat, in which it is quite certain that, for equal 
dUVerenecH of temperature between a body and its surroundings, 
the rate ot loss of heat is greater at higher temperatures than at 
lower ; or the body that is really hotter loses its heat fastest. 


liKhsnN XXV, Atmospheric tiketricity 

328, The phenomena of atmospheric electricity are 
of two kinds. There are the well-known electrical pheno- 
mena of thunderstorms ; and there are the phenomena 
of continual flight electrification in the air, best observed 
when the weather in tine, The phenomena of the Aurora 
constitute a third brunch of the Huhjcct, 

320. The Thunderstorm an Electrical Pheno- 
menon. The detonating spark h drawn from electrical 
machine?* and from Leyden jura did not fail to suggest 
to the early experimenters, Haukubee, Newton, Wall, 
Nolle!, and Uruv, that the lightning Bush and the thunder- 



all tlic properties observable in electric sparks,'* suggested 
that tlie electric action of points (AH. -Ilf), which wan 
discovered by him, might be tried on thunderclouds* and 
so draw from them a charge of electricity. He proponed* 
therefore, to fix a pointed iron rod to a high hover. 
Before Franklin could carry his proposal into effect, 
Dalibard, at Marly-la-vilht, near Paris, Inking up the 
hint, erected an iron, rod 40 feel high, by which* in IThif, 
he drew sparks from a passing cloud. Franklin shortly 
after succeeded in another way. He. sent, up a kit*' during 
the passing of a storm, and found the welled string t«» 
conduct electricity to the earth, and to yield abundance 
of sparks. These he drew from a key tied to the string* 
a silk ribbon being interposed between his hand and the 
key for safety. Leyden jars could be charged, and nil 
other electrical, effects produced, by the sparks furnished 
from the clouds. The proof of the identity was complete. 
The kite experiment was repeated by Romas, who drew 
from a metallic string sparks 9 feet long* and by ( ’aval In* 
who made many important observations on atmospheric 
electricity. In 1753 lliehmann, of St.. Petersburg, win* 
was experimenting with an apparatus resembling that 
of Dalibard, was struck by a sudden discharge and 
killed. 

330. Theory of Thunderstorms,- Solids and 
liquids cannot be charged throughout their substance ; if 
charged at all the electrification is upon their surface (see 
Art. 31). But gases and vapours, being composed of 

* Franklin enumerates Rpnci it rally an agreement, between elect deity anti 
lightning in the following respect :-•< living light,; colour of the light ; 
crooked direction ; swift motion ; being conducted by metals ; noiste in 
exploding; conductivity in water and lee; rending imperfect n.ndueiwM ; 
destroying animals ; molting metals ; tiring iiiflumnmblo substance* ; «ul 
phuroous smell (duo to ozone, as we now know) ; and he had previously 
found that noodles could be magnetized both by lightning and by the 
electric spark. He also drew attention to the similarity lad, ween the pula 



myriads of separate part can receive a bodily charge. 
The air in a room in which an electric machine is 
worked in fount! afterwart la to he charged. The clouds 
arc usually charged more or leas with electricity, derived, 
probably, from evaporation going on at the earth’s Rurfncc. 
The minute particle* of water floating in the air become 
more highly charged. Ah they fall by gravitation and 
unite together, the strength of their charges increases. 
Suppose eight small drops to join into one. That one 
will have eight times the quantity of electricity dis- 
tributed over the surface of a single sphere of twice the 
radius (and, there ions of twice the capacity, by Art. 27 2) 
of the original drops; and its electrical potential will 
therefore be four times ns great. Now a mass of cloud 
may consist of such charged spheroids, and its potential 
may gradually rise, therefore, by the coalescence of the 
drops, and t he elect ri heat ion at the lower surface of the 
cloud will become greater and greater, the. surface of the 
earth beneath acting as a condensing plate and becoming 
charged, by influence, with the opposite kind of elec- 
trification. Presently the difference of potential becomes 
so great that the intervening strata of air give way under 
the strain, and a disruptive discharge takes place at the 
point when? the air offers least resistance. This lightning 
spark, which may be more than a mile in length, dis- 
charges only the electricity that has been accumulating 
at the surface of the cloud, and the other parts of the 
cloud will now react upon the discharged portion, pro- 
ducing internal attractions and internal discharges. The 
internal actions thus set up will account for the usual 
appearance of a thundercloud, that it, is a well-defined 
flat-bottomed mass of cloud which appears at the top to 
be boiling or heaving tip with continual movements. 

331. Lightning and Thunder.— Three kinds of 
lightning have been distinguished by Arago : (i.) The 



Presence of solid particles in the air or to local electrifi- 
cation at certain points, making the crooked path the one 
^f least resistance, (ii.) Sheet lightning, in which whole 
Effaces are lit up at once, is probably only the reflexion 

the clouds of a flash taking place at some other part 
^f the sky. It is often seen on the horizon at night, 
reflected from a storm too far away to produce audible 
blunder, and is then known as “summer lightning.” 
iii, ) Globular lightning , in the form of balls of fire, which 
fxiowe slowly along and then burst with a sudden ex- 
plosion. This form is very rare, but must be admitted 
a real phenomenon, though some of the accounts of it 
ire greatly exaggerated. Similar phenomena on a small 
*ca.le have been produced (though usually accidentally) 
with electrical apparatus. 

The sound of the thunder may vary with the con- 
ditions of the lightning spark. The spark heats the air 
Lxl its path, causing sudden expansion and compression all 
round, followed by as sudden a rush of air into the 
partial vacuum thus produced. If the spark be straight 
and short, the observer will hear but one short sharp clap. 
If its path be a long one and not straight, he will hear 
tfh.e successive sounds one after the other, with a charac- 
teristic rattle, and the echoes from other clouds will come 
rolling in long afterwards. The lightning -flash itself 
never lasts more than T Q of a second, but sometimes 

is oscillatory in character (see Art. 515). 

The damage done by a lightning-flash when it strikes 
aox imperfect conductor appears sometimes as a disrup- 
tive mechanical disintegration, as when the masonry of a 
diimney-stack or church-spire is overthrown, and some- 
times as an effect of heat, as when bell- wires and objects 
of metal in the path of the lightning - current are 
fused. The physiological effects of sudden discharges are 
discussed in Arts. 255 and 325. 

The “ return-stroke ” experienced by persons in the 


332, XdghtnhiR OonductorB.— "Plic llvst sugges- 
tion In protect property iVum « Instruction by lightning was 
made I • v Franklin in 17 IP, in the following words : — 

** M.ty nut flu* knowledge of this power of points ho of use to 
mankind, m pivM-rviug houses, ehurehes, ships, oto., from tlio 
'■I »■"!**■ •»!' h diliunv, hy directing us to fix on the highest parts of 
those « * . upright rod ; of iron made sharp as a needle, and gilt 

to j'irvrnt ni .tiii;', and from tin* foot of those rods a wire down 
tin* outside of the building into the ground, or round one of the 
v do • on F of n ship, and down her hide till it roaches the water? 
W ould not I hr a* pointed rods prohahly draw the electrical lire 
?»d» nflv out of a cloud before it came nigh enough to strike, and 
thereby secure u * from that most, sudden and terrible mischief ?” 

Maxwell proposed to cover houses with a network of 
conducting win-;, without any main conductor, the idea 
being that then the interior of the. building will, like 
Faraday's hollow cube ^Arl. 3d), he. completely protected 
from electric force. Much controversy has arisen of late 
respecting lightning rods. Professor Oliver Lodge main- 
tains tin* lightning Hash to he of the nature of an 
electric oscillation (Art. f» In') rather than a current. If 
ho, the conductor of least resistance is not necessarily the 
hod lightning • rod. Professor Lodge, and the author 
independently, and for different reasons, recommend iron 
in preference to copper for lightning-rods. 

The following points summarize the modern views on 
the subject ! 

1, All parts of n lightning conductor should he of one and the 
miuie uicfnlt avoiding joints us fur us possible, and with as few 
nhnrp bends or corners us may be. 

*>, The use of copper for lightning-rods is a needless extrava- 
gant «*. Iron j . far better, liibbon is slightly better than round 
rod ; but ordinary galvanized iron telegraph-wire is good enough, 

fl. Tin* conductor should terminate not merely at the highest 
point of u budding, but be curried to nil high points. It is unwise 
to erect very tall pointed rods projecting several feet above the 
roof. 



5. If in any part the conductor goes near a gas or water pipe 
it is better to connect them metallically than to leave them apart. 

6. In ordinary buildings the conductor should be insulated 
away from the walls, so as to lessen liability of lateral discharge to 
metal stoves and things inside the house. 

7. Connect all external metal -work, zinc spouts, iron crest 
ornaments, and the like, to each other, and to the earth, but not to 
the lightning conductor. 

8. The cheapest way of protecting an ordinary house is to run 
common galvanized iron telegraph-wire up all the corners, along all 
the ridges and eaves, and over all the chimneys ; taking them 
down to the earth in several places, to a moist stratum, and at 
each place burying a load of coke. 

9. Over the tops of tall chimneys it is well to place a loop or 
arch of the lightning conductor, made of any stout and durable 
metal. 

333. Atmospheric Electricity. — In 1752 Le- 
monxxier observed that the atmosphere usually was in an 
electrical condition. Cavallo, Beccaria, Ceca, and others 
added to our knowledge of the subject, and more recently 
Quetelet and Lord Kelvin have generalized from more 
careful observations. The main result is that tlie air 
above the surface of the earth is usually, during line 
weather, positively electrified, or at least that it is 
positive with respect to the earth’s surface, the earth’s 
surface being relatively negative. The so-called measure- 
ments of “atmospheric electricity” are really measure- 
ments of difference of potential between a point of the 
earth’s surface, and a point somewhere in the air above it. 
In the upper regions of the atmosphere the air is highly 
rarefied, and conducts like the rarefied gases in Geissler’s 
tubes (Art. 320). The lower air is, when dry, a non- 
conductor. The upper stratum is believed to be charged 
with + electricity, while the earth’s surface is itself 
negatively charged ; the stratum of denser air between 
acting like the glass of a Leyden jar in keeping the 


of tin* glass of a charged jar, wo, should find that the 
values of t he potential changed in regular order from a 
f ' value at om* aide to a - value at the other, there heiim 
a point of zero potential about halfway between the two. 
Now, tlm air in tine weather always gives + indications, 
and the potential of it is higher the higher we go to 
measure it. thvallo found higher electrification just 
out: id<* the cupola of St. Paul’s Cathedral than at a lower 
p unt of tin* building. Lord Kelvin found the potential 
m the island of Arrau to increase from ih*i to 40 volts 
for a rise, of one foot in level ; but the difference of 
potential was sometimes eight or ten times as much for 
the same ditfcivnce of level, and changed rapidly, as the 
cant wind blew masses of cloud charged with + or - 
electricity across the. sky. Joule and Kelvin, at Aber- 
deen, found the rise of potential to be equal to 40 volts 
per foot, or 1*B volts per centimetre rise of level. 

During tine weather a negative electrification of the 
air in extremely rare. Beceuria only observed it six 
times in fifteen years, and then with accompanying 
winds. But in broken weather and during rain it is 
more often than •{■ , and exhibits great fluctuations, 
changing from to b , and hack, several times in half 
an hour. A definite change in the electrical conditions 
usually accompanies a change of weather. “If, when 
the min has censed (said (Von), a strong excessive ( + ) 
electricity obtains, if is a sign that the weather will 
continue fair for several days.” 

334, Methods of Observation. —The older 
observers were content to aflix to an electroscope (with 
guld leaves or pith- bulls) an insulated pointed rod 
st retelling out into the. air above the ground, or to fly a 
kite, or (as Becqueivl did) to shoot; into the air an arrow 
communicating with an electroscope by a line wire, which 
won removed before if fell. (lay-Lussac and Biot lowered 
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of these methods is quite satisfactory, for they do not 
indicate the potential at any one point. To bring the 
tip of a rod to the same potential as the surrounding air, 
it is necessary that material particles should be discharged 
from that point for a short time, each particle as it 
breaks away carrying with it a +• or a - charge until 
the potentials are equalized between the rod and the 
air at that point. Volta did this by means of a small 
flame at the end of an exploring rod. Lord Kelvin 
has employed a ‘ ‘ water-dropper,” an insulated cistern 
provided with a nozzle protruding into the air, from 
which drops issue to equalize tlie potentials : in winter 
he uses a small roll of smouldering touch-paper. l)ell- 
rnann adopted another method, exposing a sphere to 
influence by the air, and then insulating it, and bringing 
it witliin-doors to examine its charge. Peltier adopted 
the kindred expedient of placing, on or near the ground, 
a delicate repulsion-electrometer, which during exposure 
was connected to the ground, then insulated, then re- 
moved indoors for examination. This process really 
amounted to charging the electrometer hy influence with 
electrification of opposite sign to that of the air. The 
“quadrant” electrometer, described in Art. 2 88, and a 
“portable” electrometer on the attracted-disk principle, 
are now used for observations on atmospheric electricity. 
Using a water-dropping collector and a Kelvin electro- 
meter, Everett made a series of observations in Nova 
Scotia, and found the highest + electrification in frosty 
weather, with a dry wind charged with particles of ice. 

335. Diurnal Variations.— Quctelot found that 
at Brussels the daily indications (during fine weather) 
showed two maxima occurring in summer at 8 a.m. and 
9 r.M., and in winter at 10 am. and 0 i\m. respectively, 
and two minima which in summer were at the hours of 
3 r.M. and about midnight. He also found that in January 


Hummer, ami at 10 a.m. in winter; and a second mini- 
mum at 10 i\M. in summer ami 7 p.m. in winter. The 
maxima correspond fairly with hours of changing tem- 
perature, the minima with those of constant temperature. 
In Paris, hi. Mascart finds but one maximum, just before 
midnight : at sunrise the electricity diminishes until 
about 3 p.m., when it has reached a minimum, whence it 
rises till nightfall. 

Our knowledge of this important subject is still very 
imperfect. We do not even know whether all the 
changes of the earth’s electrification relatively to the air 
are due to causes operating above or below the earth’s 
surface. Simultaneous observations at dilForent places 
and at d liferent; levels are greatly wanted. 

330. The Aurora.**— In all the northern regions of 
the earth the Aurora borealis, or u Northern Lights,” is 
an occasional phenomenon ; and within and near the 
Arctic circle is of almost nightly occurrence. Similar 
lights are seen in the south polar regions of the earth, 
and are denominated Aurora australis . As seen in 
European latitudes, the usual form assumed by the 
aurora is that of a number of ill -defined streaks or 
streamers of a pale tint (sometimes tinged with red and 
other colours), either radiating in a fun -like form from 
the horizon in the direction of the (magnetic) north, or 
forming a sort of arch across that region of the sky, of 
the general form shown in Fig. 101). A certain dicker- 
ing or streaming motion is often discernible in the 
streaks. Under very favourable circumstances the 
aurora extends over the entire sky. The appearance of 
an aurora is usually accompanied by a magnetic storm 
(Art. 1 50), alloc ting the compass- needles over whole 
regions of the globe. This fact, and the position of the 
auroral arches and streamers with respect to the 
magnetic meridian, directly suggest an electric origin 


those of discharge in rarefied air (Arts. 320 and 3i22). 
Yet the presence of an aurora does not, at leant, in our 
latitudes, aflect the electrical conditions of the lower 
regions of the atmosphere. On September 1, 1850, a 
severe magnetic storm occurred, and aurora* were 
observed almost all over the globe ; at the same time 



Fig. mi 


a remarkable outburst of energy took place in the 
photosphere of the sun ; but no simultaneous develop- 
ment of atmospheric electricity was recorded. Aurorm 
appear in greater frequency in periods of about 1 Jj 
years, which agrees pretty well with the cycles of 
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The spectroscope shows the auroral light to he due 
to gaseous matter, its spectrum consisting of a few 
bright lines not referable with certainty to any known 
terrestrial substance, but having a general resemblance 
to those seen in the spectrum of the electric discharge 
through rarefied dry air. 

The most probable theory of the aurora is that origin- 
ally due to Franklin ; namely, that it is due to electric 
discharges in the upper air, in consequence of the differ- 
ing electrical conditions between the cold air of the polar 
regions and the warmer streams of air and vapour raised 
from the level of the ocean in tropical regions by the 
heat of the sun. 

According to Nordenskiold the terrestrial globe is 
perpetually surrounded at the poles with a ring or crown 
of light, single or double, to which he gives the name of 
the cc aurora-glory” The outer edge of this ring he esti- 
mates to be at 120 miles above the earth’s surface, and 
its diameter about 1250 miles. The centre of the aurora- 
glory is not cpiite at the magnetic pole, being in lat. 81° 
N., long. 80° E. This aurora-glory usually appears as a 
pale arc of light across the sky, and is destitute of the 
radiating streaks shown in Fig. 169, except during 
magnetic and auroral storms. 

An artificial aurora has been produced by Lemstrom, 
who erected on a mountain, in Lapland a network of wires 
presenting many points to the sky. By insulating this 
apparatus and connecting it by a telegraph-wire with a 
galvanometer at the bottom of the mountain, he was able 
to observe actual currents of electricity when the auroral 
beam rose above the mountain. 



CHAPTER Y 


ELECTROMAGNETICS 

Lesson XXYL — Magnetic Potential 

337. Electromagnetics. — That branch, of the 
science of electricity which treats of the relation between 
electric currents and magnetism is termed Electromag- 
netics. In Arts. 128 to 140 the laws of magnetic forces 
were exjdained, and the definition of “unit pole” was 
given. It is, however, much more convenient, for the 
purpose of study, to express the interaction of magnetic 
and electromagnetic systems in terms not of “ force ” but 
of “potential ” ; i.e. in terms of their power to do work. 
In Art. 263 the student was shown how the electric 
potential due to a quantity of electricity may be evaluated 
in terms of the work done in bringing up as a test charge a 
unit of + electricity from an infinite distance. Magnetic 
potential can be measured similarly by the ideal pro- 
cess of bringing up a unit magnetic pole (N-seeking) from 
an infinite distance, and ascertaining the amount of work 
done in the operation. Hence a large number of the 
points proved in Lesson XXI. concerning electric potential 
will also hold true for magnetic potential. The student 


pole in bringing it up to that point from an infinite 
distance. 

(b) The magnetic potential at any point due to a system 
of magnetic poles is the sum of the separate magnetic 
potentials due to the separate poles. 


The student must here remember that the potentials 
due to S-seeking poles will be of opposite sign to those 
due to N-seeking poles, and must be reckoned as negative. 

(c) The (magnetic) potential at any point due to a system 
of magnetic poles may be calculated (compare with 
Art. 263) by summing up the strengths of the 
separate poles divided each by its own distance from 
that point. Thus, if poles of strengths m', ' ra", 
m'" etc., be respectively at distances of r', r", r'", 
. . . from a point P, then the following 
equation gives the potential at P : — 



(d) The difference of '(magnetic) potential between two 
points is the work to be done on or by a unit 
(N -seeking) pole in moving it from one point to the 
other. It follows that if m units of magnetism 
are moved through a difference of potential V, the 
work W done will be 


W = mV. 


(e) Magnetic force on unit pole is the rate of change 
of (magnetic) potential per unit of length ; it is 
numerically equal to the intensity of the field. 
Since by Art. 141, 

/= mH, 

onrl work is the. nrorl not, of a. for op. into the length 



through which its point of application tnuves for 
ward, it follows that 

W Ji mill 
W mV ; 


1 

h v//. 

ample .—' The difference at iimkiu'Hc potential between two 
pointN f> lumtims, apart along a magnetic Held in vvhn h them 
aro 6000 liana per tap cm.» in 110,000. Or, it would require 
60,000 ergs of work to In* expended t*» pmd» n unit pole from 
ono point to tho other against the magnetic force, 

(f) Eijuipotential surfaces air I hour (ivuujinanj) surfaces 
surrounding a mat} attic pair or system of pates, tart 
which the (inmjnrtic) potential has equal values. 
Thus, around a single isolated magnetic pole, fin* 
potential would 1»« tspml nil round ut equal din 
tancoH ; and the tHpupotenUnl imrfnres would he 
a system of amamtrk; spheres at ruch di»futimt 
apart that it would mpdre the cjqHmdiluiv of one 
mj of work to move u unit jade up from a point 
on the surface of otm sphere to any point on the 
next (hoc Mg, I -If?}, Around any real magnet 
possessing two polar region* tin* equipotentiul imr 
faces would he much more complicated, Magnetic 
farce, whether of ait met inn nr repuhitm % ahetnjH acts 
across tlw equipotmtial surfaces in a direct ion 
normal to the surface ,* the matjnetic lines of force 
ar& coerytohwM ^rpendicular hi the cqui^mtmtud 
surf am. 

Flux of Force. ~ From a single magnetic pole 
mosed to he a point far nsttiovetl from all other nt»Wi 


into a number of conical regions, each having its apex 
at that pole; and through each cone, as through a tube, 
a certain number of lines of have will pass. Such a 
conical space may ho called a “tube” of force. The 
total number of magnetic lines within any tube of force 
is called the nutyndie Jlu.r* No matter where you cut 
across a tube of force, the cross-section will cut through 
the enclosed flux, though the lines diverge more widely 
as the tula 1 , widens, lienee, 

(g) The magnetic flux across any section of a tube of 
force, is constant uiicrerer the section he taken . 

In case the magnetism is not concentrated at one 
point, hut distributed over a surface from which the tubes 
start, we shall have to speak of the “ amount of magnet- 
ism” rather than of the “strength of pole,” and in such 
a case the 

(h) Magnetic density is the amount of magnetism per unit 
of surface. 1 u the case of a simple magnetic shell 
over the face of which the magnetism is distri- 
buted with uniform density, the “strength” of 
tin; shell will he equal to the thickness of the 
shell multiplied by the surface-density. 

338 . Intensity of Field.— We have seen (Art. 
115) that every magnet is surrounded by a certain 
“ hold,” within which magnetic force is observable. We 
may completely specify the properties of the field at any 
point by measuring the strength and the directum of that 
force,— that is, by measuring the “ intensity of the field ” 
and the direction of the lines of force. The “ intensity of 
the field ” at any 2 >oint is measured by the force with i chick 
it acts on a unit pole placed at that point Hence, unit 
intensity of field is that intensity of field which ads on a unit 
pok with a force of one dyne . There is therefore a field of 



unit intensity Jit a point one centimetre « l ai it fnuu (In- 
pole of a magnet of unit strength. Suppose a neg-urf 
pole, whose strength is M, phuaul in a lie 14 at a p»*u*t 
where the intensity is H, then the three will In* m t min 
as great as if the pole were of unit strength, mot 

f ■ m x H. 

To aid the imagination hr a grnphie ronnptmn \w 
adopt Faraday’s notion of representing tin* j»i oj>**r( $e» »4 a 
magnetic field hy supposing lines to he drawn m» that 
they represent the directum . and intensity of tin- to Id by 
the direction and dcndtij of the lines. Thin lead * t»» tin- 
empirical rule to draw as many magnet ie Iimh* t*» i)»* 
square centimetre (of cross section) as then* would U 
dynes of force on unit pole. A field of II uniL tm-au* 
one where there would he H dynes on unit pole, « .1 If 
lines per square centimetre. It folhmw (hut n unit wuq 
nctic pole will huvo -I tt lines oj force prom <Ii ioj tn>M it ; for 
there is unit field at unit distance away, or one magneto 
line per square centimetre ; and there are -Itt *<puttc 
centimetres of surface on a sphere of unit rudiuw drawn 
round the pole. A magnet, whose pole strength i« w, lw\ 
4.7nn, or 12*57 x m, lines running tlmmgh the steel, and 
diverging at its pole. The above-menl humd rule in the 
origin of the 4?r symbol, which comes in so off **u mb* 
electromagnetic formuhe. Suppose n narrow nevmw 
between the faces of two opposing magnets, rnrh having .t 
units of magnetism per square centimetre of their \»\u- 
surfaces. The field in the space between will have Up- 
value 

Haa direr. 

339. Work done by Conductor twxryinu 
Current when it cuts across the Lines of 
Magnetic Field. By definition f Art. i**m if 


that this electromotive- force is due to the conductor 
cutting N magnetic lines during time t. Then if the 
motion be uniform and the average current during the 
time is called C, it follows that Q = Qt And the average 
electromotive-force is (see Art. 225) ~N/£. Inserting 
these values we get 

W = C 

or W = ON ; 

or, in words, the work done in moving a current across a mag- 
netic flux is equal to the product of the current into the total 
number of magnetic lines cut. It will be noted that the 
work is the same whether the time is long or short. If 
C and N are in absolute (C.G.S) units, W will be in 
ergs. 

340. Fore© exerted by Magnetic Field on 
Wire carrying Current. — If a wire is moved side- 
ways across the lines of a magnetic field, through a 
distance cc, it will sweep out an area equal to its own 
length l multiplied by x. And if H is the number of mag- 
netic lines per square centimetre the total number of lines 
cut will be — Hlx ; and the work done if the wire carries 
current C will be = CH&c. But if work W is done in 
moving the wire through distance x the force / exerted 
will be W/x. Hence the force on the wire will be 

/ = CH.I ; 

or, in words, the force is proportional to the current , to the 
intensity of the fields and to the length of wire in the field. 
It is a force that tends to drag the wire laterally, acting 
at right angles to the wire and to the lines of the field. 

This action is of course due to stresses going on in the 
medium, and is worthy of further thought. Consider 
the magnetic field in a gap between a large N-pole and 
a similar S-pole. The lines will go nearly uniformly 
straight across. Let a current flow in a Conner wire that 


ways, witli the current flowing “up” or toward the 
observer. The result will he that the magnetic field of 
the current (Art. 202) will be superposed upon that of 
the magnets, and will 
perturb it : the form 
of the perturbed field 
being that shown. In 
such a field the stresses, 
which act as though 
the magnetic lines 
tended to shorten 
themselves, will have 
the effect of urging the 
wire mechanically in 
the direction shown. 

This mechanical force 
acts on the matter of 
the wire, though due 
to the current. 

In calculating hy 
the expression above, if C is given in amperes it must be 
divided by 10. 

341. Magnetomotive - force (or Total Mag- 
netizing Force) of a Current circulating in a 
Spiral Conductor. — Let a conductor carrying a current 
of C amperes he coiled up in a spiral having S as the 
number of turns. It is known, and easily understood, 
that the total magnetizing force of such is proportional to 
the number of ampere-turns; for experiment shows that, 
for example, a current of 10 amperes circulating in a coil 
of 50 turns has precisely the same magnetic power as a 
current of 5 amperes in 100 turns, or as a current of 
1 ampere in 500 turns. Each of these has 500 ampere- 
turns. 

To obtain the full expression let us find the work that 
would be done in the act of moving a unit magnet-pole 

orminrl oirc plnsprl ■naf-.'h fRicr 1*7T\ frnm atlV TiOlIlt P to 




the Bium* point again, such path passing through all the 
turns »f the magnet izing coil. The work done on a unit- 
pole iu moving it once around, the dosed path, against the 
magnetic haves of the system, is ft measure of the power of 
that system to nmjnvtk*' ; or, iu other words, is a measure 
of its magnotomotive-force. Such a closed path may 
lie, according to circumstances, either wholly in air, or 
^ partly in air partly in iron, or wholly 
^Qnnpr- it! iron. The argument is entirely 
, 0 U U 1/0 \ independent of any materials lying 

p** ..... along the ideal path. 

t .. IVI Now imagine this unit-pole, with its 

Air magnetic, lines radiating out of it, to 
he panned along the closed path (Fig, 171) from P, through 
the spirals to P again. Mach turn of the coil will cut each 
of the magnetic, lines once, and therefore, by Arts. 338 
and 330, the total work done will he 

W«4irCS/10, 

where we divide by 10 to bring amperes to 0,0. R. units. 
Or, since 4?r * 12*57, we get the rule — the mujneUmotm- 
fonr * of a mil is etfuttl to 1*257 times the ampere-turns. 

342 . Intensity of Field in a long Tubular 
Coil, or Solenoid. A spiral mil wound on a tube is 
called a solenoid It has, when a current circulates in its 
cods, a magnetic, held along the inside of it, and is, in 
fact, m* long as the current circulates, a magnet without 
iron. This magnetic, field, if the spiral is a very long one 
my 20 times ns long as the diameter of the spirals, — 
is very uniform all along the interior, except just toward 
the ends, where it becomes weaker. To find the intensity 
uf the field H, we may remember that (Art. 337, e.) the 
work done on a unit pole in moving it through a length 
| of field H is e<pml to H/. But the work done in 

* thin newt w tone »t! vo forra i« minli* tin of a number of small 


moving it along tlie tubular coil of length l is practically 
equal to that done around the closed path, since nearly 
all the forces are met along the part of the path inside. 
Hence we may equate 47rCS/10 to HI ; giving the result 


4tt CS 
= 10 X l ’ 


or the i intensity „njL in a long spiral is equal to 1*257 
times the number of ampere-turns per centimetre of length. 

At the mouth of a long spiral the intensity of the field 
is exactly half what it is midway between the ends. 

343. Magnetic Field due to Indefinitely Long 
Straight Current. Law of Inverse Simple 
Distance. — Consider a unit-pole at point P 
at a distance r (Fig. 172) from an indefinitely 
long straight conductor carrying a current of 
C amperes. The force tending to make the 
pole circulate around the wire may be calculated 
very simply as follows. If the unit-pole were 
to be moved once around the wire on a circular 
path with radius r, each one of the 47 t magnetic 
lines that radiate from it would be cut once 
by the wire. Hence, by Art. 339, the work ^ 
done in one such revolution would be equal lg * ‘ 
to 47rC/10. But this work has. been done by moving the 
unit, against the forces of the system, along a path the 
length of which is 27 rr ; wherefore 

W=/x 27 rr= 47 rC/lO, 

whence 

/= 20/10 r. 



From this it appears that the force on unit -pole, and 
therefore the intensity of the field, is directly proportional 
to the current , and varies inversely as the simple distance 
from the wire. 


magnetism :it. a distance of 4 centimetres from a long 
straight wire carrying currant of 00 amperes will he 3000 
dynes, or 3*r>2 grammes. 

The fact that the force varies inversely as the simple 
distance, and not. as the square, was experimentally dis- 
covered hy Biot and Savart. in 1820. 

Around such a straight conductor the magnetic field 
consists of a cylindrical whirl of circular lines (Art. 202), 
their density decreasing as their radius increases. Outside 
a straight wire carrying a 10-ampere current the values of 
II are: 2 at 1 cm.; 1 at 2 cm.; 0*4 at 5 cm., and so 
tort In The. pole tends to move circularly around the 
wire. 

344. Mutual Action of Magnet -pole and ol 
Element of Current. —Consider an element of current, 
that is to say, an indefinitely 
J short piece of a conductor tra- 
versed hy a current. Calling 
(H the length <11, and the currem 
( \ we have Cdl as the magnetii 
J. value of the element with respec 
to all points in its equatoria 
plan. Suppose the element t< 
he set (Fig. 173) at distance r from a magnet-pole of a 
units, and at right angles to the line joining them. Then 
as (he element is small compared with r, the law o 
inverse squares will hold good : the mutual force will be 
- m * C<U 
10 * ?* * 

Thin will he neither an attraction nor a repulsion, but 
force at right angles to the element and to the line joinin 
it to in. 

346. Magnetic Field due to Circular Currenl 
H |m dcHircl to find tlio offent of a circular currer 

.*4 /m tin* si via ni n. disijmcc ir. frOl 



P, only a fraction of the Air linen whirl* radiate Imum i! 
will pass through the circle ; the number bring |»r<»p«*r 


tional to the solid-angle (Art.. I *18) 
subtended at V by the circle, namely 
27 r (1 - cos 0), where 0 in the angle 
between axis and slant distance a. 
Hence in bringing up the polo to tin's 
place, from an infinite distance, the 
work done by causing these lint's to 
cut across the wire carrying current < 5 
(by Art. 339) 



ampeiVM will !*»• 


W = 2ttG( 1 - cos 0/10. 


This represents the mutual energy of pole and current, 
To calculate the force at I* we. must diifrrrnl ia(e flu* 
expression with respect to to astvrfaiu (fir rate at whn It 
the mutual energy falls per unit length. !•%»*• this j«ni }«n.' 
it will he convenient to substitute for ms 0 d > vain*' 
xj(x 2 + y 2 )k Substituting and differentiating we get 

Now (x 2 + y 2 )^ is equal to a n ; whence the rule that tin* 
magnetic force at any point P on the axis vnrim d irmly 
as the current, and inversely as thv ettfw of thv dnnt UUUmrr 
(Compare case of a bar-magnet, Art. l:ik) 

Another way of arriving at this result t h uh full., tv* 
Taking the expression found in Art. 3-14 fur tin* ml mu >.f 
an element of current, we may consider t hr Hlrrt uf th> 
topmost dement of the ring (Fig. 1 7 I \ nituot* <1 nt u 
slant distance a^= \-if\ The rlcmenturv Ibn r 07 

exerted on unit-pole at V hy the. element Cd/ will lm «t 
right angles to a and to dl (in direction of the itrruw). and 
by Art 20 6, of the value 


(If- Cdl/m' 2 , 



part act ing at right angles to the axis, which will disappear 
by mutually cancelling out in pairs, and part acting in 
tin' line of the axis, which will for each element he equal 
to the above expression multiplied by sin 0. So that the 
elementary axial force due to each element of length d\ 
Will he 

df . Cdl- sin 0/war ; 
or, since sin 0 if 'a, 

(// t '<11 * if /.war. 

But the total force /due. to all the elements will be tin 
integral due to the sum of their lengths, and this integra 
length around the circle is , Jdl~. Whence it at onc< 

follows that 

/ 27rO/*/loa n . 

Note that if V is pushed up to the centre of the circl 
a w* ?/, and we get hack to the rule for tangent galvano 
meter ( A rt, 2 1 2 ), /■■■ ( ZtvC/ to r. 

Also note that for very great distances of P iron 
centre a becomes sensibly equal to x, the force vary in, 
inversely as the cube of the axial distance. 

This affords one way of varying the sensitiveness c 
tangent galvanometers, the needle with its scale hein. 
arranged to slide out along the axis of the coil. At 
point P, such that a 2//, the force of coil on needle j 
only i of what it is at centre. 

*346. Moment of Circular Coil. —A circular eo 
carrying a current acts as a magnet whoso axis is th 
axis of the coil. Its mtujndic nummt (Art. 135) will 1: 
the product of the current (in absolute units) into tl) 
area enclosed. Or, if 0 is in amperes, and A the toti 
area of all tins turns, its moment will he AC/ 10. If sue 
a coil is placed in a field of intensity U it will tend 1 
turn so as to place its axis along the direction of the fiel 


347. Potential due to a Solenoidal or Circuital ipis- 
tribution of Magnetism. — A long tliin uniformly magnetized 
magnet exhibits poles only at tlie two ends, and acts on external 
objects just as if there were two equal quantities of opposite kinds 
of magnetism collected at these two points. Such a distribution 
of magnetism is sometimes called solenoidal or circuital. The mag- 
netic potential due to a solenoid, and all its magnetic effects, 
depend only on the position of its two poles, and on their strength, 
and not on the form of the bar between them, whether straight 
or curved. In Art. 337 (c) was given the rule for finding the 
potential due to a system of poles. Suppose the two poles of a 
solenoid have strengths + m and - m respectively, and that the 
distances of these poles from an external point P are and r 2 , 
then the potential at P will be 


Vp = 7)1 



Suppose a magnet curled round until its N and S poles touch 
one another : it will not act as a magnet on an external object, 
and will have no “ field ” ; for if the two poles are in contact, 
their distances r Y and r 2 to an external point P will be equal, and 


i _ will be = 0. 

Si V 


348. Potential due to a Magnetic Shell. — Gauss demon- 
strated that the potential due to a magnetic shell at a point oiear it 
is equal to the strength of the shell multiplied by the solid-angle 
subtended by the shell at that point ; the “ strength” of a magnetic 
shell being the product of its 
thickness into its surface-density 
of magnetization. 

If o) represents the solid-angle 
subtended at the point P, and i 
the strength of the shell, then 

Vp = coi. 

Proof. — To establish this 
proposition would require the 
integral calculus. But the fol- 
lowing geometrical demonstration, though incomplete, must here 
suffice. 

Let us consider the shell as composed, like that drawn, of a 



likewise be conceived us made up of u number of elementary 
jimull cones, each of solid-angle d> : Let r t ami >\ 2 be the distances 
Irom l* to t Iu> two faces of the element : Let a section bo made 
across Urn small none orthogonally, or at right angles to r l? and 
call the area of this section a : lad, the angle between the surfaces 
,* and a bo called angle (i : then s a/m ft. Let i be tlic 
“ strength ” of the shell (be. -- its surface-density of magnetism 
x its thickness) ; then ijt ~ i surface-density of magnetism, and 
mjt strength of either pole of the little magnet s= m. 

area of its orthogonal section 


Xow sobd-angle 


ff/r* ; 


therefore a 

and ,v 

Hence wir'/f cos (1 

Hut the potential at 1* of the magnet whose pole is m will he 


«6r*/cMw ( 1 . 
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but 


1 

r.. 


— \ which we may write — 


because mid r. 4 may be made as nearly equal as wo please. 


And since r.. 


t cos (1 


r 

t cos ft 


^ t COS ^ 


or the potential due to the element of the shell the strength o 
the shell x thti solid-angle subtended hy the element of the shell 
Hence, if V be the sum of all the values of v for all the di Horen 
elements, and If w 1m the whole solid-angle (the sum of all tin 
small solid-angles such us d>), 

Vv — Ml, 

or the potential due to a magnetic shell at a point is equal to tin 
strength of the shell multiplied hy the solid-angle subtended In 
the whole of the shell at that point. 

Hence an represents the work that would have to be done on o 


where the solid-angle subtended by the shell is different, the 
potential will be different, the difference of potential between P 
and Q being * 

V Q - Vp = i (w Q - Up). 

If a magnet-pole whose strength is m were brought up to P, 
m times the work would have to be done, or the mutual potential 
would be = mcoi. 

349. Potential of a Magnet-pole on a Shell. — It is 
evident that if the shell of strength i is to be placed where it sub- 
tends a solid-angle w at the pole m, it would require the expendi- 
ture of the same amount of work to bring up the shell from an 
infinite distance on the one hand, as to bring up the magnet-pole 
from an infinite distance on the other ; hence mui represents both 
the potential of the pole on the shell and the potential of the 
shell on the pole. Now the lines of force from a pole may be 
regarded as proportional in number to the strength of the pole, 
and from a single pole they would radiate out in all directions 
equally. Therefore, if a magnet-pole was placed at P, at the apex 
of the solid-angle of a cone, the number of lines of force which 
would pass through the solid-angle would be proportional to that 
solid-angle. It is therefore convenient to regard mta as represent- 
ing the number of lines of force of the pole which pass through the 
shell, and we may call the number so intercepted N. Hence the 
potential of a magnet-pole on a magnetic shell is equal to the 
strength of the shell multiplied by the number of lines of force 
{due to the magnet-pole ) which pass through the shell ; or V = NPi. 
If either the shell or the pole were moved to a point where a 
different number of lines of force were cut, then the difference of 
potential would be 

- V p = ± i <N q - Np). 

To bring up a N-seeking (or + ) pole against the repelling 
force of the N-seeking face of a magnetic shell requires a positive 
amount of work to be done ; and their mutual reaction would 
enable work to be done afterwards by virtue of their position : in 
this case then the potential is +. But in moving a N-seeking 
pole up to the S-seeking face of a shell work will be done by the 
pole, for it is attracted up ; and as work done by the pole may be 
regarded as our doing negative work, the potential here will have 
a negative value. 

Again, suppose we could bring up a unit N-seeking pole against 
the repulsion of the N-seeking face of a shell of strength i, and 



the whole space around the pole, the solid-angle* it subtended 
being therefore and the potential will be + 27 ri. If we had 
begun at the S-seeking face the potential at that face would be 
— 27 H, It appears then that the potential alters its value by Airi 
on passing from one side of the shell to the other . 

There is a reaction between pole and shell similar to that 
(Art. 121) between pole and pole. 

If a N- seeking pole be brought up to the N-seeking face of a 
shell none of the lines of force of the magnet will cut the shell, but 
will be repelled out as in Fig. 72 ; whereas if a ^-seeking pole 
be brought up to the S-seeking face of a shell, large numbers of 
the lines will be run into one another ; and the pole, as a matter 
of fact, will be attracted up to the shell, where as many lines of 
force as possible are cut by the shell. We may formulate 
this action by saying that a magnetic shell and a magnet-pole 
react on one another and urge one another in such a direction 
as to make the number of lines of force that are cut by the shell a 
maximum (Maxwell’s Rule, Art. 204). Outside the attracting face 
of the shell the potential is - m, and the pole moves so as to 
make this negative quantity as great as possible, or to make the 
potential a minimum. Which is but another way of putting the 
matter as a particular case of the general proposition that bodies 
tend to move so that the energy they possess in virtue of their 
position tends to run down to a minimum. 

S50. Magnetic Potential due to Current. — The proposi- 
tions concerning magnetic shells given in the preceding paragraphs 
derive their great importance because of the fact laid down in Art. 
203 that circuits, traversed by currents of electricity, behave like 
magnetic shells. Adopting the electromagnetic unit of current 
(Art. 353), we may at once go back to Art. 347, and take the 
theorems about magnetic shells as being also true of closed voltaic 
circuits. 

(a) Potential due to closed circuit (compare Art. 348). 

The potential V due to a closed voltaic circuit (traversed by a 
current) at a point P near it , is equal to the strength of the current 
multiplied by the solid-angle oo subtended by the circuit at that 
point. If C be the strength of the current in electromagnetic 
units, then 

Vi> = - uC. 

(5) At a point Q, where the solid-angle subtended by the 
circuit is instead of o P , the potential will have a different 
value, the difference of potential being 

v, - v p = - C (w Q - 


( c ) Mutual Potential of a Magnet-pole and a Circuit. 
— If a magnet- pole of strength m were brought up to P, m 
times as much work will be done as if the magnet-pole had been 
of unit strength, and the work would be just as great whether 
the pole m were brought up to tlie circuit, or the circuit up to 
the pole. Hence, the mutual potential will bo 

-mco C. 

But, as in Art. 349, we may regard mta as representing the 
number of lines of force of the pole which are intercepted by and 
pass through the circuit, and we may write 1ST for that number, 
and say 

v=-cn, 

or the mutual potential of a magnet-pole and a circuit is equal to 
the strength of the current multiplied by the number of the magnet- 
pole's lines of force that are intercepted by the circuit, taken with 
reversed sign. 

(d) As in the case of the magnetic shell, so with the circuit, 
the value of the potential changes by 4 ttC from a point on one 
side of the circuit to a point just on the other side ; that is to say, 
being -2xC on one side and +2x0 on the other side, work equal 
to 4xC must he done in carrying a unit-pole from one side to the 
other round the outside of the circuit. The work done in thus 
threading the circuit along a path looped S times round it would 
be 4xSC. 

351. (e) Mutual Potential of two Circuits. — Two closed 
circuits will have a mutual potential, depending on the strengths 
of their respective currents, on their distance apart, and on their 
form and position. If their currents be respectively C and C', 
and if the distance between two elements ds and ds' of the circuits 
be called r , and e the angle between the elements, it can be shown 

that their mutual potential is = - QQ'JJ^S c ls ds'. This 

expression represents the work that would have to be done to 
bring tip either of the circuits from an infinite distance to its 
present position near the other, and is a negative quantity if they 
attract one another. Now, suppose the strength of current in 
each circuit to he unity; their mutual potential will in that 

case b ej/’- - — cls ds f , a quantity which depends purely upon the 

geometrical form and position of the circuits, and for which we 
may substitute the single symbol M, which we will call the 
“ coefficient of mutual potential we may now write the mutual 

‘nn^ATI+liol Af fTlA +.WA ni ^ /*N 1 fit . 


Bui \vu have seen in the rant', of a .single circuit tlmt wo may 
represent the potential between a circuit and a unit-polo as the 
product of the strength of the current - (1 into the number N of 
the magnet pole's lines of force intercepted by the circuit. Bunco 
the symbol M imml represent the number of each other’s lines of 
hove mutually intercepted by both circuits, if each carried unit 
current. If we call the two circuits A and B, then, when each 
nmic'i unit current, A intercept m M lilies of force belonging to B, 
and B interei pt s M Hues of three belonging to A. 

Now suppose both currents to run in the same (clock -wiso) 
direction ; the front or Smocking face of (me circuit will be 
opposite to the back or N -seeking fuee. of the other circuit, and they 
will attract one another, and will actually do work as they approach 
one another, or (as the negative sign shows) negative work will he 
done in bringing tip one to the. other. When they havo attracted 
fine another up ns much an possible the circuits will coincide in 
direction and position us nearly as enu over bo. Their potential 
energy wdl have run down to its lowest minimum, their mutual 
potential being n negative maximum, and their coetlicient of 
mutual potential M having its greatest possible value. Two 
eicemts, then, ore netted no that theie eocjjieient of mutual potential 
M shut l knee the ijrentesl possible entile, This justifies Maxwell’s 
Buie (Art. BOt), because M represents the number of lines of 
force mutually intercepted by both circuits. And since in this 
position each circuit induces us many lines of magnetic force as 
possible through the other, the coefficient of mutual potent 'iut Mis 
also railed tlm onffeient of mutual induction (Art. 45-1). 


himmuN XXVU. - The Meet timay net ic System of (hits 

m% Magnetic Units. - All magnetic quantities, strength of 
pot 1 * 14 , intensity of magnetization, etc., are expressed in terms of 
ftpeeial units derived from the fundamental units of lenff mass, 
and time , explained in the Note on Fundamental and Dcrirni 
Vnits (Art, yso). Most of the following units have been directly 
explained in the preceding 1 h?hhou, or in Lesson XL ; the others 
follow from them, 

(*,ut Mtvj net Pole. Tim unit magnetic polo is am of such 
a strength, tlmt when placed at a distance of 1 centimetre 
(in air) from a similar pole of equal strength, repels it 
i *dth a force of l dyne (Art. I ll), 


magnetic 1 , forces, the unit of magnetic potential will hr 
measured by the unit of work done on unit-polo. 

Unit J)ijjcrence of Mayndk PotvntUtL™ Unit dillerenee of 
magnetic potential exists between two points when it 
requires the expenditure of one era of work to bring n 
(N -seeking) unit magnetic pole from one point to the 
other against the magnetic, forces. Ahtf/nclomoUvcftnrt^ 
or magnetizing power, is measured in same units as d lifer- 
once of magnetic potential. 

Intensity of Maynciic, Field is measured by the force it exerts 
upon a unit magnetic pole : hence, 

Unit Inttmsity ofFicld, is that intensity of Acid which nets 
on a unit (N-seeking) pole with a force' of 1 dyne. The 
nanio of gmm has been proponed for this unit. A field 
having an intensity of (5000 lines per square centimetre 
would' ho described as (5 kilot/utmrs. 

Motjnctit) Flioe, or total induction of magnetic, lines, is equal 
to intensity of field multiplied by area. Us unit will he 
one magnetic line. 

Magnetic Reluctance (sec Art. .170) is the ratio of magneto- 
motive-force to magnetic flux. Unit reluctance will be 
such that unit magnetomotive-force generates in it a llux 
of one line. 

353. Electromagnetic Units. - * The preceding magnetic 
units give rise to the following set of electrical units, in which 
the strength of currents, etc., are expressed in nuujneUe meumit'e. 
They are sometimes called “absolute U.U.H.*’ units. The relation 
of this “ electromagnetic ” set of units to the u electrostatic ” set 
of units of Art. 211 is oxplniued in Art. 161. 

Unit Sirmtjth of (-urrctd.^A current 1ms unit strength when 
one centimetre length of its circuit, bent, into an arc. of 
one centimetre radius (ho as to be always one, centimetre 
away from the magnet-pole) exerts n force of one dyne 
on a unit magnet-pole plneed at the centre (Art, 207). 

Unit of Uiferencc of I'utcntott (or of FJectromotivc force)* 
Potential is work done on n unit of rlertrielty ; lienee 
unit difference of potential exists between two points 
when it requires the expenditure of one n'tj of work to 
bring a unit of *1 electricity from one point to the other 
against the electric, force. Also, unit, electromotive 
force is generated by cutting one magnetic line per 
second. 

f fu it /,/• a.o.v,..!/.,. a ... , . ... 
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Unit of Quantity of Electricity is that quantity which is con- 
veyed by unit current in one second. 

Unit of Capacity. — Unit capacity requires unit quantity to 
charge it to unit potential. 

Unit of Induction . — Unit induction is such that unit electro- 
motive -force is induced by the variation of the current at 
the rate of one unit of curront per second. 

354. Practical Units and Standards.* —Several of tho 
above “ absolute ” units in the C.U.H. system would be incon- 
veniently large and others inconveniently small for practical use. 
The following are therefore chosen as practical units 

Resistance.. — The Ohm, = 10 l) absolute units of resistance 
(and theoretically the resistance represen ted by the 
velocity of one earth-quadrant per second, see Art. 357), 
but actually represented by the resistance of a uniform 
column of mercury 106*3 centimetres long and 14 ••1521 
grammes in mass, at 0 U 0. Such a column of mercury is 
represented hy a “standard” ohm (see Appendix B). 

Current. — The Ampere (formerly called tho “weher”), 
= 10“ x absolute units; practically represented by tho 
current which deposits silver at tho rate of 0*001118 
gramme per second (see Appendix B). 

Electromotive force. — The Volt, = 1 0 8 absolute units, is tlmt 
E.M.F. which applied to 1 ohm will produce in it a 
current of 1 ampere; being of the 14. M.F. of a 

(dark standard cell at 15° O. (Soo Appendix 0.) 

Quantity. — Tho Coulomb, =10*” ’’absolute units of quantity; 
being tho quantity of electricity conveyed by 1 ampere 
in one second. 

Capacity. — Tho Farad, =10“"° (or one one - thousand- 
millionth) of absolute unit of capacity ; being the capacity 
of a condenser such as to bo changed to a potential of 
1 volt by 1 coulomb. The microfarad or millionth part 

.o i p » i A_tn .1 i..j .. . 


under a pressure of 1 volt. It is equal to 1 joule per 
second, and is approximately 01ie horse-power. 

Induction. — The Henry, =10 9 absolute units of induction, 
is the induction, in a circuit when the electromotive-force 
induced in this circuit is 1 volt, while the inducing 
current varies at the rate of 1 ampere per second. 

Seeing, however, that quantities a million times as great as 
some of these, and a million times as small as some, have to he 
measured by electricians, the prefixes mega- and micro- are 
sometimes used to signify respectively “one million” and “one- 
millionth part.” Thus a megohm is a resistance of one million 
ohms, a ?nicrofarad a capacity of of a farad, etc. The 

prefix kilo- is nsed for “one thousand,” and milli- for “one- 
tliousandth part” ; thus a Mloicait is 1000 watts, and milli' ampere 
is the thousandth part of 1 ampere. 

The ‘ 1 practical ” system may he regarded as a system of units 
derived not from the fundamental units of centimetre , gramme , 
and second , hut from a system in which, while the unit of time 
remains the second, the units of length and mass are respectively 
the earth- quadrant and IQ" 11 gramme. 

355. Use of Index Notation. — Seeing that electricians have to 

deal with quantities requiring in some cases very large numbers, 
and in other cases very small numbers, to express them, a system 
of index notation is adopted, in order to obviate the use of long 
rows of ciphers. In this system the significant figures only of a 
quantity are put down, the ciphers at the end, or (in the case of a 
long decimal) at the beginning, being indicated by an index 
written above. Accordingly, we may write a thousand 

(=10 x 10 x 10) as 10 3 , and the quantity 42,000 may he 
written 42 x 10 s . The British. National Debt of £770,000,000 
may be written £77 x 10 7 . Fractional quantities will have 
negative indices when written as exponents. Thus tow ( — 0*01) 
= l-^-10-r!0 = 10~ 2 . And so the decimal 0*00028 will he 
written 28 x 10~ 5 (being = 28 x *00001). The convenience of this 
method will he seen by an example or two on electricity. The 
electrostatic capacity of the earth is 630,000,000 times that of a 
sphere of one centimetre radius, = 63 x 10 7 (electrostatic) units. 
The resistance of selenium is about 40,000,000,000, or 4 xlO 10 
times as great as that of copper ; that of air is about 10 26 , or 

100, 000, 000, 000, 000, 000, 000, 000, 000 

times as great. The velocity of light is about 30,000,000,000 
centimetres per second, or 3 x 10 10 . 

356. Dimensions of Magnetic and Electromagnetic 
Units. — The fundamental idea of “dimensions” is explained in 


Art. 284. A little consideration will emit tie the student to dec 
for himself the following table : 


\ ' NITS. 


(.1 fdtftirfic.) 

f Strength of pole \ 

[ Quantity of magnetism J 

Magnetic, Potential 
Intensity of Kiehl 
Magnetic Mux 
IUdue lance 


\7 luree x («lisl:uir<*pi 

work : strength of pole 
force I strength of pole 
intensity >. area 
flux : mag. potential 


1\ 

]\ 

M 1 

M 


( AY t'HromtHjnrtir . ) 
Ourront (strength) 
Quantity 
Potential 

Kloetromotive*- force 
Uesistanee 
Capacity 
Power 

Hidf- Induction ( 
Mutual Induction ( 


intensity of field x length 
current x time 

work ~~ quantity - j 

10. M.F. : enrre.nl 
quantity potential 
current v potential 

10.M.R 1 current per see. 


357. Resistance expressed aa a Velocity. It will bo s 
on reference to the above table of “ Dimensions” of ehwtronmgn 
units, that the dimensions of resistance are given as 1/M, w] 
are the same dimensions (see Art, 284) as those of a veloc 
lOvery resistance is capable of being expressed as a velocity, 
following considerations may assist the student in formin 
physical conception of this. Buppom* we have a circuit c 
posed of two horizontal rails (Fig. 178), <'H and DT, 1 eonl 
apart, joined at PD, and completed by means of a sliding \ 
Alt. Let this variable circuit be placed in a uniform magi 
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of additional lines of force embraced by the circuit will increase at 
the rate n per second ; or, in other words, there will be an induced 
electromotive-force (Art. 225) impressed upon the circuit, which 
will cause a current to flow through the slider from A to B. Let 
the rails have no resistance, then the strength of the current will 
depend on the resistance of AB. Now let AB move at such a 



rate that the current shall be of unit strength. If its resistance 
be one “ absolute ” (electromagnetic) unit it need only move at the 
rate of 1 centim. per second. If its resistance be greater it must 
move with a proportionately greater velocity ; the velocity at which 
it must move to keep up a current of unit strength being numeri- 
cally equal to its resistance. The resistance known as “ one ohm ” 
is intended to be 10 9 absolute electromagnetic units , and therefore 
is represented by a velocity of 10 9 centimetres, or ten million metres 
(one earth-quadrant) per second. 

358. Evaluation of the Ohm. — The system of ‘‘practical 5 * 
units was originally devised by a committee of the British Associa- 
tion, who also determined the value of the “ ohm” by experiment 
in 1863, and constructed standard resistance coils of German-silver, 
called “B.A. Units” or “ohms.” 

There are several ways of measuring the absolute value of the 
resistance of a wire. One method ( J oule’s) is to measure the heat 
produced in it by a known current and calculate its resistance by 
Joule’s law (Art. 427). Another method (Weber’s) is to measure 
in absolute units the current that is sent through the wire by an 
electromotive-force which is also measured in some absolute way. 
The ratio of the latter to the former gives the value of the resist- 
ance. Weber’s method involved spinning a coil in a magnetic 
field which would generate alternate currents. Kohlrausch used 
an induction coil to generate the E.M.F. Lorenz proposed a 
method in which a disk was spun. Foster a zero method in which 
the E.M.F. in the sninnine coil was balanced. Lord Kelvin nro- 



pivoted about a vertical axis, as in Fig. 177, was made to rotat 
very rapidly and uniformly. Sucli a ring in rotating cuts the line 
of force of the earth’s magnetism. The northern half of the ring 
in moving from west toward east, will have (see Rule, Art. 225) a 
upward current induced in it, while the southern half, in crossin 
from east toward west, will have a downward current induced iu ii 
Hence the rotating ring will, as it spins, act as its own galvanc 
meter if a small magnet be lnmg at its middle ; the magnetic effe( 
due to the rotating coil being proportional directly to the liorizontt 
component of the earth’s magnetism, to the velocity of rotation 

and to the number of turns < 
wire in the coil, and invcrsel 
proportional to the resistant 
of the wire of the coils. I-Ionc 
all the other data being knowi 
the resistance can be calculate! 
and measured as a velocity. 
The earliest ohms or B. /, 
units were constructed 1: 
comparison with this rotatii: 
coil ; but there being sou 
doubt as to whether the B.i 
unit really represented 1( 
centims. per second, a rodote 
mination of the ohm was suji 
gested in 1880 by tlio Brit is 
Association Committee. At the first International Congress ■ 
Electricians in Baris 1881, the project for a redetermination > 
the ohm was endorsed, and it was also agreed that the practio 
standards should no longer he constructed in German -silvi 
wire, but that they should be made upon the plan original 
suggested by Siemens, by defining the practical ohm as tl 
resistance of a column of pure mercury of a certain length, ai: 
of one millimetre of cross-section. The original “ Siemens’ unit 
was a column of mercury one metre in length, and one squill 
millimetre in section, and was rather less than an ohm (0'954 
B.A. unit). Acting on measurements made by leading pliysicis 
of Europe, the Paris Congress of 1884 decided that the mercui 
column representing the “legal” ohm should be 106 centimotr 
in length. This was, however, never legalized in this country ■ 
in America, as it was known to be incorrect. Lord Rayleigh 
determination gave 106 *21 centimetres of mercury, as represents 
the true theoretical ohm( = 10 9 absolute units); and Rowland 

rlAf/arminafirma nf AftmA .clicrTtf.l v TUa ’Rrif.fi 



decided finally as the international ohm by the Congress of Chicago 
in 1893. These international units are now legalized in Eng- 
land and the United States. The order signed by Her Majesty in 
Council and issued through the Board of Trade is given in Appen- 
dix B. 

The old B.A. unit is only 0*9863 of the true ohm ; the Siemens’ 
unit is only 0*9408. 

359. Ratio of the Electrostatic to the Electromagnetic 
Units. — If the student will compare the Table of Dimensions of 
Electrostatic Units of Art. 283 with that of the Dimensions of 
Electromagnetic Units of Art. 356, he will observe that the dimen- 
sions assigned to similar units are different in the two systems. 
Thus, the dimensions of “Quantity” in electrostatic measure 
are M's T" 1 , and in electromagnetic measure they are M-L'2. 
Dividing the former by the latter we get LT"\ a quantity which 
we at once see is of the nature of a velocity. This velocity occurs 
in every case in the ratio of the electrostatic to the electromagnetic 
measure of every unit. It is a definite concrete velocity, and 
represents that velocity at which two electrified particles must 
travel along side by side in order that their mutual electromagnetic 
attraction (considered as equivalent in so moving (Art. 397) to 
two parallel currents) shall just equal their mutual electrostatic 
repulsion (see Art. 260). This velocity, ft v” which is of enormous 
importance in the electromagnetic theory of light (Art. 518), has been 
measured in several ways. 


Unit. 

Electrostatic. 

Electromagnetic. 

Ratio. 

Quantity . 
Potential . 
Capacity . 
Resistance . 

Mi ii T" 1 
M- I A T' 1 

L 

L" 1 T 

L'£ T~- 
L- 1 T 2 

L T~\ 

LT" 1 = v 
ir 1 t =i/v 

L 2 T~ 2 = y 2 
! L~ 2 T 2 = 1/ir 


(a) Weber and Kolilrauseli measured the electrostatic unit of 
quantity and compared it with the electromagnetic unit of quantity, 
and found the ratio v to be = 3*1074 x 10™ centims. per second. 
(&) Lord Kelvin compared the two units of potential and found 

= 2*825 x 10™, 


v 



(c) Professor Flcrk Maxwell balanced a force of electrostatic 
attraction against ono of electromagnetic repulsion, and found 

r =r 2*88 x 10 10 . 

((/) Professors Ayrton ami Perry measured the capacity of a 
condenser eloetromagnetieaUy by discharging it into a ballistic 
galvanometer, and electrostatically by calculations from its size, 
and found 

/• .-2*980 x 10 10 . 

The, edacity af lujht according to latest values is — 

= 2-9992 x 10 10 ; 

bo wc take v m 3 x 10 la , or thirty thousand million centimetres per 
second. 

860. Rationalization of Dimensions of Units. — It seems 
absurd that there should bo two different units of electricity ; still 
more absurd that ono unit should he thirty thousand million centi- 
metres per second greater than the other. It also seems absurd 
that the dimensions of a unit of electricity should have fractional 
powers, since such quantities as and lJ arc meaningless. 
These irrational things arise from the neglect to take account of 
the properties of the medium in applying the law of inverse 
squares to form definitions of the unit of electricity in the 
electrostatic system, ami of the unit-pole in the magnetic system. 
If we were to insert the dielectric constant k in the former, and the 
permeability y iu the latter, we might, if wo knew the dimensions 
of these quantities, be able to rationalize the dimensional formulae 
But we do not know their dimensions. Itileker has, however, shown 
that they can be rationalized, and the two sets of units brought 
into agreement.,* by assuming that the product A^ahas the dimen- 
sions of the reciprocal of the square of a velocity : or 
If k were the reciprocal of the rigidity of the ether, and y its 
density, v would represent the velocity of propagation of waves in 
it. Compare Art, 518 on electromagnetic theory of light. 

861* Earth's Mwnofcio Fore© in Absolut© Units.— 
In making absolute determinations of current by the tangent 
galvanometer, or of electromotive- force by the spinning coil, it is 
needful to kntnv tlm absolute value of the earth’s magnetic field, 
or of its horizontal component. The intensity of the earth’s 
magnetic force at any place Is the force with which a magnet-polo 
of unit strength is attracted. Ah explained in Art. 158, it is usual 
to measure the horizontal component Hof this force, and from this 


difficulties. To determine H in absolute (or C.U.H.) units* it I* 
necessary to make two observations with amagnetofmnguetie 
M (Art. 135). In one of these observations the product MU ut 
determined by a method of oscillations (Art. 133); in the second 
M 

the quotient == is determined by a particular mrthtxt if f/e/MeiW* 

XI 

(Art. 138). The square root of the quantity obtained by dividing 
the former by the latter will, of course, give H. 

(i.) Determination of MH. — r riie time T of a complete tend na- 
tion to and fro of a magnetic bar is 

/ K“ 

T=2tt V MH’ 


where Iv is the “ moment of inortia ” of the magnet. Thl* formula 
is, however, only true for very small ares of vibration. Ily 
simple algebra it follows that 


MH rs 


<\t' 2 K 

rpj * 


Of these quantities T is ascertained by a direct observation of 
the time of oscillation of the magnet hung by n forniunloM fibre , 
and K can be either determined experiment tally »»r by um* of th*» 
following formula) : — 

For a round bar K ^ w ( ^ j- 


For a rectangular bar ^ . 


where w is the mass of the bar in grammes, / it* length* #i ft« 
radius (if round), b its breadth, measured horizontally (if metauguinr). 

(ii.) Determination of jg.— -The magnet ii next caused f« 

deflect a small magnetic noodle in the following manner* " broadside 
on. The magnet is laid horizontally at right angle* h< ihp 
magnetic meridian, and so thufc its middle point is (magmuindlv ) 
due south or due north of the small noodle, tmd at . « distance* 
from its centre. Lying thus broadside to the small need to it* 
N-pole will repel, and its S-polu attract, Urn of the nr^Mr 

w U i e T Ci8 \T trary tm th « of the nmnth, 

?h« 7^+^ t,On i° fth0I ?* , ? iet [l[Um tlltt nmlh wllt t* defied 
thebitter through an angle $, whose tangent in directly pmjmrthm#) 

H’ 


to -\ ana inversely proportional to tlio cul* at tiw dUtettc* r ■ «.r 


Dividing the former equation by this, and taking the square root, 
we get 


H = — / K 

TV r 3 tan 5' 


Lesson XXYIII . — Properties of Iron and Steel 

302. Magnetization of Iron. — When a piece of 
magnetizable metal is placed in a magnetic field, some of 
the lines of magnetic force run through it and magnetize 
it. The intensity of its magnetization will depend upon 
the intensity of the field into which it is put and upon 
the metal itself. There are two ways of looking at the 
matter, each of which has its advantages. We may think 
about the internal condition of the piece of metal, and 
of the number of magnetic lines that are running through 
it and emerging from it into the surrounding space. This 
is the modern way. Or we may think of the magnetism 
of the iron or other metal as something resident on the 
polar surfaces, and expressed therefore in units of magnet- 
ism. This is the old way. The fact that soft iron placed 
in the magnetic field becomes highly magnetic may then 
be expressed in the following two ways : (1) when iron 
is placed in the magnetic field, the magnetic lines run in 
greater quantities through the space now occupied by iron, 
for iron is very permeable to the lines of magnetic induction, 
being a good conductor of the magnetic lines ; (2) iron 
when placed in the magnetic field develops strong poles 
on its end-surfaces, being highly susceptible to magnetiza- 
tion. Each of these ideas may be rendered exact by the 
introduction of appropriate coefficients. 

363. Permeability. — The precise notion now 
attached to this word is that of a numerical coefficient. 

Suppose a magnetic force — due, let us say, to the circula- 
rs.^ • _ ^ • .i 


number of magnetic lines in that space. In fact, tlie 
intensity of the magnetic force, symbolized by the letter 
H, is often expressed by saying that it would produce H 
magnetic lines per square centimetre in air. Now, owing 
to the superior magnetic power of iron, if the space 
subjected to this magnetic force were filled with iron 
instead of air, there would be produced a larger number 
of magnetic lines per square centimetre. This larger 
number expresses the degree of magnetization * or density 
of the magnetic flux in the iron ; it is symbolized by the 
letter B. The ratio of B to H expresses the permeability 
of the material. The usual symbol for the permeability 
is the Greek letter /x. So we may say that the 'flux- 
density B is equal to /x times the magnetic force H, or 

/x =s B/H. 

For example, a certain specimen of iron, when subjected 
to a magnetic force capable of creating, in air, 50 mag- 
netic lines to the square centimetre, was found to be 
permeated by no fewer than 16,062 magnetic lines per 
square centimetre. Dividing the latter figure by the 
former gives as the value of the permeability at this 
stage of the magnetization 321, or the permeability of 
the iron is 321 times that of air. 

The permeability is always positive : for empty space 
it is 1, for air it is practically 1 ; for magnetic materials 
it is greater than 1, for diamagnetic materials it is slightly 
less than 1. In air, etc., B = H. 

Where the magnetic lines emerge into the air at a 
polar surface they are of course continuous with the 
internal lines : the value of B just inside the polar surface 
is the same as that of B in the air just outside it. 

The permeability of such non-magnetic materials as 

* The actual number of magnetic lines that ran through unit area of 
cross-section in the iron or other material-denoted by the symbol B— is 
called by several names — “the permeation,” “the internal magnetization,” 



silk, cotton, and other insulators, also of brass, copper, and 
all the non-magnetic metals, is taken at 1, being practically 
the same as that of the air. 

This mode of expressing the facts is, however, com- 
plicated by the fact of the tendency in all kinds of iron 
to magnetic saturation. In all kinds of iron the mag- 
netizability of the material becomes diminished as the 
actual magnetization is pushed further. In' other words, 
when a piece of iron has been magnetized up to a certain 
degree, it becomes, from that degree onward, less permeable 
to further magnetization, and though actual saturation is 
never reached, there is a practical limit beyond which it 
cannot well be pushed. Joule discovered this tendency 
to a limit. The practical limit of B in good wrought 
iron is about 20,000 lines per square centimetre, or in 
cast iron about 12,000. Using extraordinary magnetizing 
forces, Ewing has found it possible to increase B to 45,000, 
and Du Bois has reached 60,000 lines per square centi- 
metre. Manganese steel is curiously non - magnetic : 
Hopkinson found 310 as the maximum flux-density B. 

364. Curves of Magnetization. — A convenient 


mode of studying the magnetic facts respecting any 
B particular brand of iron is to 

,eooo plot on a diagram the curve 

of magnetization — i.e. the 
laooo- -v— curve in which the values, 

sooo- ■ / - J ,i^j . plotted horizontally, represent 
/ \ the magnetic force H, and the 

* 000 ' values plotted vertically those 

| ; that correspond to the respec- 

o 5 jo 20 30 4.0 so tive magnetization B. In Fig. 

1S * * 178, which is modified from 

the researches of Ewing, are given five curves relating 
to soft iron, hardened iron, annealed steel, hard-drawn 
steel, and glass-hard steel. It will be noticed that all 
these curves have the same general form, and that there 


irojcl 


0 5 JO 20 30 4.0 50 


B arc small, and as H is increased B increases gradually. 
(2) The curve rises very suddenly, at least with all the 
softer sorts of iron. (3) The curve then bonds over and 
becomes nearly horizontal, B increasing very slowly. 
When the magnetization is in the stage below the bond 
of the curve, the iron is said to bo far from the state of 
saturation. But when the magnetization has been pushed 
beyond the bend of the curve into the third stage, the 
iron is said to be approaching saturation, because at this 
stage of magnetization it requires a large increase in the 
magnetizing force to produce even a very small increase 
in the magnetization. It will he noted that for soft 
wrought iron the stage of approaching saturation sets in 
when B has attained the value of about 1 (>,000, or when 
H has been raised to about 50. The student is strongly 
advised to plot for himself similar curves from the sub- 
joined table, which relates to the permeabilities of some 
samples of iron examined by Hopkinson. 


Annejalkd Whowuht Iron. 

Onicv Oaht Iron, 

B 

8 * 

H 

B 


H 

. 5,000 

3000 

1-66 

1,000 

8 00 

5 

9,000 

2250 

4 

5,000 

500 

10 

10,000 

2000 

5 

6,000 

270 

21 *5 

11,000 

1692 

6*5 

7,000 

138 

*12 

12,000 

1412 

8*5 

8,000 

1 00 

80 

13,000 

1083 

12 

0,000 

71 

127 

14,000 

823 

17 

10,000 

53 

188 

15,000 

526 

28*5 

11,000 

37 

292 

16,000 

320 

50 




17,000 

181 

105 




18,000 

90 

200 




19,000 

84 

850 




20,000 

BO 

666 






lion, in moderately weak fields where H is less than 
about 5, the permeability has enormous values. But 
for values of H less than, about 0*5 the permeability is 
quite small, usually about 300. 

The three stages observed in the magnetization are 
explained in Ewing’s molecular theory (Art. 127). 

If iron is compressed its permeability decreases ; if 
subjected to tensile stress it is increased, provided the 
field is not too intense. Villari found that beyond a 
certain intensity tension diminishes the permeability. 

365. Susceptibility. — Suppose a magnet to have 
m units of magnetism on each pole ; then if the length 
between its poles is l , the product ml is called its magnetic 
moment , and the magnetic moment divided by its volume 
is called its intensity of magnetization; this term being 
intended, though based on surface-unit of pole strength, 
to convey an idea as to the internal magnetic state. 
Seeing that volume is the product of sectional area into 
length, it follows that if any piece of iron or 'steel of 
uniform section had its surface magnetism situated on its 
ends only, its intensity of magnetization would be equal 
to the strength of pole divided by the area of end surface. 
Writing I for the intensity of magnetization we should 
have 

I — mag, moment _ on x l _ ?n. 
volume sxl ~~ s 

Now, supposing this intensity of magnetization were 
due to the iron having been put into a magnetic field of 
intensity H, the ratio between the resulting intensity of 
magnetization I and the magnetizing force H producing 
it is expressible by a numerical coefficient of magnetization, 
or susceptibility, Jc. We may write 

i=m, 

or /c = I/H. 


magnetic line in the field there will be k units of 
magnetism on the end surface. In magnetic substances 
such as iron, steel, nickel, etc., the susceptibility k has 
positive values ; but there are many substances such as 
bismuth, copper, mercury, etc., which possess feeble 
negative coefficients. These latter are termed “diamag- 
netic” bodies (Art. 369) and are apparently repelled by 
the poles of magnets. It was shown at end of Art. 338 
that there are 47 r magnetic lines proceeding from each 
unit of pole magnetism. Hence if, as shown above, each 
line of force of the magnetising field produces Jc units of 
magnetism there will be 47 rk lines added by the iron to 
each 1 line in the field, or the permeability of the iron 
fx is equal to 1 + 4A It follows that B — H + 47T&H. 
This shows that B may go on increasing as long as H is 
increased, having no true limit. But since k decreases as 
saturation sets in, the surface magnetization I (or B — H 
to which it is proportional) may have a true limit. This 
maximum of B-H appears to be about 21,360 in 
wrought iron, 15,580 in cast iron, and 5660 in nickel. 

In the following table are given some figures from the 
researches of Bidwell on wrought iron. 


H 

Jc 

I 


B 

a -9 
10*3 

40- 

115* 

208* 

427* 

585* 

151*0 

89*1 

30*7 

11*9 

7*0 

3*5 

2*6 


1899 T 
1121*4 
386*4 
150*7 
88*8 
45*3 
33*9 

i 


Everett has calculated (from Gauss’s observations) that 

the intensity of magnetization of the earth is only 0*0790, 

TtrTnof i f T\ n if 




wholly iron. In weak magnetic fields the susceptibility 
of nickel exceeds by about live times that of iron ; but in 
strong fields iron is more susceptible. 

366. Measurement of Permeability. — There are 
several ways of measuring the permeability of iron : they 
all involve a measurement of B. 

(a) Magnetometer Methods.— The pole strength of long 
liars, when magnetized by a coil around them, can be 
measured by a magnetometer (Art. 138), and from this N 
is found by multiplying by 47r. 

(ft) Induction Method*. — Rings of iron which, having 
no poles, cannot be measured by the magnetometer are 
measured inductively. Upon the ring is wound a 
magnetizing coil, and also an exploring coil (Art. 232) 
which is connected to a ballistic galvanometer. On 
turning on or off the magnetizing current, or reversing 
it, induced currents are generated, giving a throw in the 
galvanometer proportional to the number of magnetic 
lines which have been made or destroyed. Iron rods can 
be examined by the same means. 

(c) Traction Methods.— The pull needed to separate the 
two halves of a divided rod, or divided ring, is (Art. 384) 
proportional to the square of B. Bidwell and others have 
used this for measuring permeability. 

(d) Optical Methods. — Du Bois has used a method 
based on Kerris discovery (Art 527) of magneto-optic 
rotation. 

307, Residual Effects. — The retention of mag- 
netism by steel, lodestone, hard iron, and even by soft 
iron if of elongated shape, has been already described 
(Art. 08). Some other residual effects must now bo 
noted. It is found that if a new piece of iron or steel is 
subjected to an increasing magnetizing force, and then 
the magnetizing force is decreased to zero, some magnetism 
remains. If the results are plotted out in a curve it 


If when the curve has risen to a (Fig. 179) H is now 
decreased, the descending curve does not follow the 
ascending curve, owing to the retention of the magnetism. 
When H has been reduced to 
reached. This the residual value 
of B is called the remanence , and 
depends on the material, and on 
the degree to which B was pre- 
viously pushed. If now a re- 
versed magnetizing force - H is 
applied it is found that it must 
be increased to a definite de- 
gree in order to demagnetize the 
iron and bring the curve down 
to c. The amount of reversed 
magnetic force so needed is a 
measure of the retentivity of the 
material, and is known as the 
coercive force. In hard steel it may amount to 100; in 
soft steel to 20 ; in soft iron to 2 or less. If the reversed 
magnetizing force is further increased, the curve descends 
from c to dj the iron becoming magnetized with reversed 
polarity, and going toward saturation. On then dimin- 
ishing the reversed force to zero, the curve turns to e , 
showing a negative remanence. Oil again increasing H as 
at first the curve ascends to /, and as the former value 
of H is reached comes up to a again. 

368. Cycles of Magnetization. Hysteresis. — 
When H is thus carried through a cycle of increase and 
decrease, B also goes through a cycle ; and as we have 
seen there is a lagging in the magnetization, evidenced in 
Fig. 179 by the formation of a closed loop in the curve. 
Warburg and Ewing, who have fully investigated the 
phenomenon, have remarked that the area enclosed 
indicates the waste of energy in the cycle of operations. 
In hard steel the areas of these loops are much wider 

• _ _ _ _ Pi • -n • v __ • . 


zero the point b is 



of Hysteresis to tlie subject of the lag of magnetic 
effects behind their causes. From his researches* also is 
taken the case of Fig. 1 BO, a specimen of soft iron, the 
curve for which shows various loops. Ewing has devised 
a curvc-traccr for recording the curves automatically. The 

waste of energy per cubic 
centimetre in a cycle of 
strong magnetization may 
vary from 9000 ergs in 
annealed iron to 200,000 
in glass-hard steel. If (as 
in the iron cores of alternate 
current transformers) the 
cycle is repeated 100 times 
a second the waste of power 
by hysteresis may heat the 
iron ; and it increases 
greatly with the frequency 
and with the degree to 
which the magnetization 
is pushed. If B does not 
exceed 5000, the power 
wasted at 100 cycles per 
second in every cubic foot 
of iron may be as low as 
575 watts, but if B is increased to 10,000 the waste 
becomes 1560 watts. 

Since a smaller reversed force suffices to destroy mag- 
netization than was required to produce it, all that is 
necessary in order to completely demagnetize iron is to 
subject it to a series of cycles of diminishing intensity. 

Mechanical agitation tends to help the magnetizing 
forces to act, and lessens all residual and hysteresial 
effects. 

Ewimr hnw also kIiowii that under* constant nnimietmnrr 



force the magnetism will go on slowly and slightly 
increasing for a long time : this is called magnetic creeping , 
or viscous hysteresis . 


Lesson XXIX . — Diamagnetism 

369. Diamagnetic Experiments. — In 17*78 
Brugmans of Leyden observed that when a lump of 
bismuth was held near either pole of a magnet needle it 
repelled it. In 1827 Le Baillif and Becquerel observed 
that the metal antimony also could repel and be repelled 
by the pole of a magnet. In 1845 Faraday, using power- 
ful electromagnets, examined the magnetic properties of a 
large number of substances, and found that whilst a great 
many are, like iron, attracted to a magnet, others are 
feebly repelled. To distinguish between these two classes 
of bodies, he termed those which are attracted paramag- 
netic,* and those which are repelled diamagnetic. 
The property of being thus apparently repelled from a 
magnet he termed diamagnetism. 

Faraday’s method of experiment consisted in suspend- 
ing a small bar of the substance in 
a powerful magnetic field between 
the two poles of an electromagnet, 
and observing whether the small 
bar was attracted into an axial 
position, as in Fig. 181, with its 
length along the line joining the 
two poles, or whether it was re- 
pelled into an equatorial position, 
at right angles to the line joining 
the poles, across the lines of force 
of the field, as is shown by the position of the small bar 
in Fig. 182, suspended between the poles of an electro- 
magnet constructed on Ruhmkorff’s pattern. 









Liquids were placed in glass vessels and suspended 
between the poles of the electromagnet. Almost all 
liquids are diamagnetic, except solutions of salts of the 
magnetic metals, some of which are feebly magnetic ; hut 
blood is diamagnetic though it contains iron. To examine 
gases bubbles are blown with them, and watched as to 
whether they were drawn into or pushed out of the field. 
Oxygen gas was found to he magnetic ; ozone has been 
found to be still more strongly so. Dewar has found 
liquid oxygen sufficiently magnetic to rush in drops to the 
poles of a powerful magnet. 

The diamagnetic properties of substances may he 
numerically expressed in terms of their permeability or 
their susceptibility (Arts. 3G3 and 305). For diamagnetic, 
bodies the permeability is less than unity. For bismuth 
the value of fi is 0*999000. The repulsion of bismuth is 
immensely feebler than the attraction of iron. PI ticker 
estimated the relative magnetic powers of equal weights of 
.substances as follows ; — 

Iron q- 1,000,000 


Lodes tono Ore + 402,270 

Ferric Sulphate + 1,110 

Forrose Sulphate 4* 780 

Water - 7*8 

Bismuth - 23 *(1 


371. Apparent Diamagnetism due to sur- 
rounding Medium. — It is found that feebly magnetic 
bodies behave as if they were diamagnetic when suspended 
in a more highly magnetic fluid. A small glass lube 
filled with a weak solution of ferric, chloride, when sus- 
pended in air between the poles of an electromagnet, 
points axially, or is paramagnetic ; hut if it ho surrounded 
by a stronger (and therefore more magnetic) solution of 
the same substance, it points equatorial ly, ami is np 
parently repelled like diamagnetic bodies. All that the 



A balloon, though it possesses mass and weight, rises 
through the air in obedience to the law of gravity, because 
the medium surrounding it is more attracted than it is. 
But it is found that diamagnetic repulsion takes place even 
in a vacuum : hence it would appear that the ether oi 
space itself is more magnetic than the substances classed 
m diamagnetic. 

372, Diamagnetic Polarity.— At one time Faraday 
thought that diamagnetic repulsion could he explained 
on the supposition that there existed a “diamagnetic 
polarity ” the reverse of the ordinary magnetic polarity. 
According to this view, which, however, Faraday himself 
quite uluuidoued, a magnet, when its N-polo is presented 
to the end of a bar of bismuth, induces in that end a 
N-pole (the reverse of what it would induce in a bar oi 
iron or other magnetic metal), and therefore repels it 
Weber adopted this view, and Tyndall warmly advocated 
it, especially after discovering that the repelling diamag- 
netic force varies as the square of the magnetic powei 
employed. It has even been suggested that when a 
diamagnetic, har lies equator iully across a field of force, its 
east and west poles possess different properties. The 
experiments named above suggest, however, an explanation 
less difficult to reconcile, with the facts. It has been 
pointed out (Art. 303) that the degree to winch mag- 
netuat um goes on in a medium depends upon the magnetic 
permeability of that medium. Now, permeability ex- 
presses the number of magnetic lines induced in the 
medium for every line of magnetizing force applied. A 
certain magnetizing force applied to a space containing ah 
or vacuum would induce a certain number of magnetic 
lines through it. If the space considered were occupied 
by a paramagnetic substance it would concentrate the 
magnetic lines into itself, as the sphere does in Fig. 183, 
Rut if the where were of a permeability less than 1, tin 



bismuth, the same magnetizing-force -would induce in the 
bismuth fewer magnetic lines than in a vacuum. But 
those lines which were induced 
would still run in the same 
general direction as in the 
vacuum ; not in the opposite 
direction , as Weber and Tyndall 
maintained. The result of 
there being a less induction 
through diamagnetic sub- 
stances can be shown to be that such substances will 
be urged from places where the magnetic force is strong 
to places where it is weaker. 
This is why a ball of bismuth 
moves away from a magnet, 
and why a little bar of bismuth 
between the conical poles of 
the electromagnet (Fig. 182) 
turns equatorially so as to put 
its ends into the regions that 
are magnetically weaker. There is no reason to doubt 
that in a magnetic field of uniform strength a bar of 
bismuth would point along the lines of induction. 

373. Magne-Crystallic Action. — In 1822 Poisson 
predicted that a body possessing crystalline structure 
would, if magnetic at all, have different magnetic powers 
in different directions. In 1847 Pliicker discovered that 
a piece of tourmaline, which is itself feebly paramagnetic, 
behaved as a diamagnetic body when so hung that the 
axis of the crystal was horizontal. Faraday, repeating the 
experiment with a crystal of bismuth, found that it 
tended to point with its axis of crystallization along the 
lines of the field axially. The magnetic force acting thus 
upon crystals by virtue of their possessing a certain 
structure he named magne - crystal lie force . Pliicker 
endeavoured to connect the maene-crvstallie behaviour of 



Fig. 184. 
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law : there will he t*itlu*r repulsion or attraction of the 
o|»U<*, ax in (or, in tin*, case of bi-axial crystals, of both optic 
axon) by the. poles of a magnet ; and if tbe crystal is a 
u negative ” one (i.c. optically negative, having an extra- 
ordinary index of refraction less than its ordinary index) 
there will be repulsion, if a “positive” one there will be 
attraction, Tyndall ban endeavoured to show that this 
law in inmUHeient. in not taking into account the paramag- 
netic or diamagnetic powers of the substance as a whole. 
He finds that the nmgne-crystallic axis of bodies is in 
general an aria of greatest density , and that if the mass 
itself he paramagnetic this axis vnll point axially; if diamag- 
netic, tyuatnrially. In bodies which, like slate and many 
crystals, possess cleavage, the. planes of cleavage arc usually 
at right angles to the magne-crystallic axis. Another way 
of stating the facts is to say that in non-isotropic bodies 
the induced magnetic lines do not necessarily run in the 
name direction as the lines of the impressed magnetic 
field. 

374. Diamagnetism of Flames. — In 1847 Ban- 
calari discovered that (lames are repelled from the axial 
line joining the poles of an electromagnet. Faraday 
showed that all kinds of (lames, as well as ascending 
idreams of hot air amt of smoke, are acted on by the 
magnet, and tend to move from places where the magnetic 
forces are strong to those where they arc*, weaker. Gases 
(except oxygen and ozone), and hot gases especially, are 
feebly diamagnetic. But the active repulsion and turning 
aside of flames may possibly be in part due to an electro- 
magnetic* action like that which the magnet exercises on 
the. con vex ion-current of the voltaic arc (Art. 448) and 
on other eonvexion-eummts. The electric properties of 
flame are mentioned in Arts. 8 and 314. 


Lesson XXX . — The Magnetic Circuit 


375 . Magnetic Circuits. — It in now gmmmlly 

recognized that there is a magnetic circuit law similar in 
the law of Ohm for electric circuits. .Ritchie, Bturgruig 
Joule, and Faraday dimly recognized it. Rut the law 
was first put into shape in 1873 by Rowland, who calm* 
lated the flow of magnetic lines through a bar by dividing 
the “ magnetizing force of the helix" hy the “ resistance 
to lines of force" of the iron. In 1882 RoHamjuet intro- 
duced the term magnetomotive-force 9 and showed how to 
calculate the reluctances of the separate, parts of the mug 
netic circuit, and, hy adding them, to obtain the total 
reluctance .* 

The law of the magnetic circuit may las stated m 
follows : — 

Magnetic Flux « 

reluctance 

or N = M. 

Ju 


376. Reluctance.— A h the electric remainin'.. of » 
prismatic conductor can l>o calculated from jix length, 
cross-section, and conductivity, so the magnetic relurtiuicti 
ol a bar of iron can he calculated from il« length, crow. 
section, and permeability. The principal difference between 
tie two cases lies in the circumslanee that whilst in the 
electric case the conductivity is the same fir email mul 
large currents, in the magnetic, case the permeiil.ihrv i» 
not constant, but is less for large magnetic iiuxee than" tor 
small ones. 


Let the length of the bar he l 
sep cms., and its permeability ft. 


vrntimM,, lu iwtinii A 
Then it# rrhirlaa 


* This useful term, far pmfnrnbh to “ itmintntiti rminUtnn, 

pecitlc nh ictoueif'u f ‘ n T, 'V U ' rl " rrl " v,M, t‘ I" »' 0..,0 i„„. 
P oluctanco : it is the rociumritl 
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will be proportional directly to l, and inversely to A and 
/x. Calling the reluctance Z we have 

Z = l/Afi. 

Example . — An iron bar 100 cm. long and 4 sq. cms. in 
cross-section is magnetized to such a degree that ^=320 : 
then Z will be 0*078. 

The reluctance of a magnetic circuit is generally made 
up of a number of reluctances in series. We will first 
take the case of a closed magnetic circuit (Fig. 185) made 
up of a curved iron core of length l v section A p and 
permeability /x x ; and an armature of 
length Z 2 , section A 2 , and permeability /x 2 , 
in contact with the ends of the former. 
In this case the reluctance is 

z = 

Ai/q Ao/Xj 

377. Calculation of Exciting 
Power. — Passing on to the more difficult 
case of a circuit made up partly of iron and partly of 
air, we will suppose the armature to be moved to a dis- 
tance, so that there are two air-gaps in the circuit, each 
gap of length Z 3 (from iron to iron), and 
section A 3 (equal to area of pole face). 

This will introduce an additional reluct- 
ance 2Z 3 /A 3 , the permeability for air being 
= 1. It will also have the effect of 
making part of the magnetic flux leak 
out of the circuit. 

By Art. 341, if the exciting power 
consists of C amperes circulating in S 
spirals around the core, the magneto- Fi g . iso. 
motive-force will be 4 ttCS/ 10. Applying 
this to the preceding example, dividing the magneto- 
motive-force by the reluctance, we get for the magnetic 




Fig. 185. 
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N = 


^- 2/^2 ^3 J 


But more often tlie calculation is wanted the other 
way round, to find how many ampere-turns of excitation 
will be needed to produce a given flux through a magnetic 
circuit of given size. Two difficulties arise here. The 
permeability will depend on the degree of saturation. 
Also the leakage introduces an error. To meet the first 
difficulty approximate values of jjl must be found. 
Suppose, for example, it was intended to produce a flux 
of 1,000,000 lines through an iron bar having a section 
of 80 sq. centims., then B will be 12,500, and reference 
to the table in Art. 364 shows that if the bar is of 
wrought iron fx will be about 1247. To meet the second 
difficulty we must estimate (from experience) an allow- 
ance for leakage. Suppose we find that of all the lines 
created in the U-shaped part only the fraction l/v gets 
through the armature, then to force N lines through the 
armature we must generate vN lines in the U-shaped 
piece, where v is the coefficient of allowance for leakage, an 
improper fraction increasing with the width of the gaps. 

We then proceed to calculate in parts as follows : — 

Ampere-turns needed to drive N lines! h ^.- 1.057 

through iron of armature f Aj/q * 

Ampere -turns needed to drive N lines! 1*257 

through two gaps J A 3 

Ampere-turns needed to drive rilST lines! — 1~257 

through iron of magnet core / A 0 M 2 * 


Then adding up, we get : — 

i=n/. 7 ’ 


Total ampere-turns needed = 


,L. + ^ + ?£?! 
\A]/q A 2/ a 2 A s j 


-r-1‘257. 


Formulae similar to this have been used hy Hopkinson 
and by Kapp in designing electromagnets for dynamos. 


no remanence the presence of a gap in the iron circuit 
tends to make residual magnetism unstable, as though 
the polar magnetism on the end-faces had a self-demag- 
netizing effect. In fact it is very difficult to give a 
permanent magnetism to short pieces of metal. Further, 
the low permeability of air necessitates enormous magneto- 
motive-forces, compared with those required for iron, to 
produce a given flux. The effect is to shear over to the 
right the curves of magnetization, seeing that a greater 
H is needed to attain an equal value of B. Joints in the 
magnetic circuit have the same kind of effect. 

The reason why the pull exerted by an electromagnet 
on its armature falls off so very greatly when the arma- 
ture is moved away to a short distance is the diminution 
of the magnetic flux caused by the great reluctance of 
the air-gap thus introduced into the circuit. 

379. G-eneral Law of Electromagnetic 
Systems. — Consider an electromagnetic system consist- 
ing of any number of parts — iron masses, coils carrying 
currents, air, masses of other materials, whether magnetic 
or diamagnetic — in any given configuration. Any change 
in the configuration of the parts will in general produce 
either an increase or a decrease in the magnetic flux. For 
example, if the armature of an electromagnet is allowed 
to move up toward the poles, or the needle of a galvano- 
meter is allowed to turn, there will be a betterment of the 
magnetic circuit, and the magnetic flux through the coils 
will be increased. Magnetic circuits always tend to close 
up and become as compact as possible. On the contrary, 
if we pull away the armature from an electromagnet the 
magnetic reluctance is increased, and the flux diminished ; 
and this action is resisted by the reaction of the system. 
All these things may be summed up in the following 
general law : — 

Every electromagnetic system tends so to change the con - 
dawration of its parts as to make the magnetic flux a 



Suppose (tlie external inagnoliziug forces remaining 
the same) a motion of any part through a distance *6' 
results in a decrease of (lux ^3ST, tlum the force resisting 
such motion will he proportional to dNfth\ 

380. Law of the Electromagnet.- Hcforc the law «»f the 
magnetic circuit was understood many attempts were made to liud 
algebraic formulas to express the relation between the strength of 
current and the amount of magnetism produced, Leu/, and J«e«»ld 
suggested that the magnetism, of an electromagnet nuts proportional 
to the current and to the number of turns of mire in the evil m 
other words, is proportional to the ampere-tarns. Or in symbol 5 * 

where a is a constant depending on the quantity, qualify, mid form 
of iron. This rule is, however, only true when the iron core 0 
still far from being “saturated.” If the iron is already strong}) 
magnetized a current twice as strong will not double (lie magnet t/u 
tion in the iron, as Joule showed in 18-17. 

Miiller gave the following approximate rule : The strength «♦/ 
an electromagnet is proportional to the am fie whose tangent is the 
strength of the magnetizing current ,* or 

m - A tair 1 0, 

where C is the magnetizing current, and A a constant depending 
on the construction of the particular magnet. If the student will 
look at Fig. 121 and imagine the divisions of the horizont al tiumcut 
line OT to represent strengths of current, and the numb rr «d 
degrees of arc intercepted by the oblique lines to represent strength* 
of magnetism, he will see that even if OT be made Infinitely lung, 
the intercepted angle can never exceed <)()", 

Another formula, known as Fiviliehs, p< 

(* 

m '«\ ( M<” 

where a and ?; arc constants depending on the form, qmditv, and 
quantity of the iron, and on the winding of the cull, The ^mUmd 
h is tlie reciprocal of that number of amperes which w «mbJ make 
in equal to lmlf possible maximum of magnetism, 

The author’s variety of this formula expr.**Nei the tttimM- of 
magnetic linos N proceeding from the pole of the eledrmm*imr! 


where Y repreHo.uts the maximum number of magnetic lines tha 
there would in* if the magnetizing curreut were iiuldluitely increase* 
and the iron corn saturated, and 0' stands for that number c 
amperes whieh w<mld bring the magnetism up to half-saturation. 

Kune of these empirical formulas are as useful as the rations 
formula at the etui of Art. 377. 


I i khhon XXX I. — -E l (ictromagneU 

381. Electromagnets.— In 1B20, almost immed 
altdy after Oernted’H discovery of the action of the electr 
current on a magnet needle, Arago and Davy independent! 
discovered how to magnetize iron ami steel by insertir 
needles or strips into spiral coils of copper wire aroiu; 





which ft current was circulating. The method is sho’ 
in tin- simple diagram of Fig. 1B7, whom a currant fr< 
a single cell is passed through a spiral cod of insulai 
copper wire, in the hollow or whieh is placed a strip 
iron or steel, which is thereby magnetized. The separ 
turns of the roil must not touch one another or • 
ccnfi’nl lmr. otherwise the current will take the short 



wire of the coil should be overspun with silk or cotton, 
(in the latter case insulation is improved by varnishing it 
or by steeping the cotton covering in melted paraffin wax) 
or covered with a layer of guttapercha. If the bar be of 
iron it will be a magnet only so long as the current flows ; 
and an iron bar thus surrounded with a coil of wire for 
the purpose of magnetizing it by an electric current is 
called an Electromagnet. Sturgeon, who gave this 
name, applied the discoveries of Davy and Arago to the 
construction of electromagnets far more 
powerful thau any magnets previously 
made. His first electromagnet was a 
horse-slioe (Fig. 188) made of a rod of 
iron about 1 foot long and ^ inch in 
diameter coiled with a single stout copper 
wire of only 18 turns. With the current 
from a single cell it lifted 9 lbs. ; but with 
a more powerful battery it lifted 50 lbs. 

It was first shown by Henry that when electromagnets 
are required to work at the distant end of a long line 
they must be wound with many turns of fine wire. The 
great usefulness of the electromagnet in its application, 
to electric bells and telegraphic instruments lies in the 
fact that its magnetism is under the control of the current ; 
when circuit is “made 55 it becomes a magnet, when 
circuit is “broken” it ceases to act as a magnet. More- 
over, it is capable of being controlled from a distance, the 
current being “made” or “broken” at a distant point of 
the circuit by a suitable key or “switch.” 

382. Polarity and Circulation of Current. 

By applying Amp&re’s Rule (Art. 197) we can find which, 
end of an electromagnet will be the IST -seeking pole ; for,, 
imagining ourselves to be swimming in the current (Fig-. 
187), and to face towards the centre where the iron bar* 
is, the N-seeking pole will be on the left. It is coix- 
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magnetising currents are circulating round it in the sum 
cyclic direction an the hand* of a clock -move ; and, loohin 
at the X-sreking pole of an electromagnet , the magnetism 
cu mat* are circulating round ' it in the oppodta cycli 

directum to that of the ham 
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of a dock. Fig. 189 fill on 
/ \ (if this graphically. These rule 

V J \ ) are true, no matter* whetlu 

the beginning of the coils : 
at the cud near the observe 
or at the farther end fror 
him, in\ whether the spiral ho a right-handed screw, c 
ftm in Fig. 187) a left-handed screw. It will lie just tl: 
name thing, mo far an the magnetizing power Ik concerned 
if the mils begin at one end and run to the other an 
buck to where they began ; or they 
may hog in halfway along the bar and 
run to one end and then back to the 
other : the one important thing to 
know ia which way the current Hows 
round the bur when you look at. it 
emhon. The corkscrew rule (Art. 

198) leads to the same result. 

Hu pi »ose an iron core to he wound 
with n right dmndctl coil, and that a 
current in introduced at some point, 
and to How both ways, it will produce 
oppohitdy directed magnetizing actions in the two point 
and there will he consequent poles (Art 1120) at the poi 
of entrance. In Fig. 190 an iron ring with a rigl 
handedly -wound closed coil is shown. There will he 
double H»pole at the point where the current enters, ai 
n double N pole where it leaves the windings. 

383. Construction of Electromagnets.— T 
moat useful form of electromagnet is that in which t, 
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case it is usual to divide the coils into two parte wound 
on bobbins, as in Figs. 64 and 191. The electromagnet 
depicted in Fig. 192 is of a form adapted for laboratory 
experiments, and has movable coils winch are slipped on 
over the iron cores. The cores are united at the bottom 
by a stout iron yoke. Sometimes only one coil is wound 
on the yoke part. A special 
form of electromagnet devised 
by RuhmkorfF for experi- 
ments on diamagnetism is 
shown in Fig. 182. 

Many special forms* of 
electromagnet have been 
devised for special purposes. 

To give a very powerful 
attraction at very short dis- 
tances, a short cylindrical 
electromagnet surrounded by 
an outer iron tube, united at 
the bottom by iron to the iron core, is found best ; the 
iron jacket constituting a return path for the magnetic 
lines. This form is known as an won-clad magnet. To 
attract iron across a wide gap which offers much reluc- 
tance, a horse-shoe shape with long cores should be chosen ; 
for it needs long cores to wind on enough wire to provide 
sufficient exciting power to drive the flux across the gap. 
To give a gentle pull over a long range a solenoid (Art. 
385), or long tubular coil, having a long movable iron core 
is used. For giving a very quick-acting magnet the coils 
should not be. wound all along the iron, but only round 
the poles. Ah a rule the iron parts, including the yoke 
and armature, should form oh nearly as possible a closed 
magnetic circuit. The cross-sections of yokes should be 
thicker than those of the cores. 



Fig. 101. 
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shape of its poles, anil on the form of the soft iron 
armature which it attracts. It should he so arranged 
that as many linos of force as possible should run through 
the armature, and the armature itself should contain ‘a 
eulhcient mass of iron. Joule designed a powerful electro- 
magnet, capable of supporting over a ton. The maxi- 
mum attraction 1m could produce between an electro, 
magnet ami its armature was 200 lbs. per square inch or 


icIi when the wrought -iron core was saturated up to 
9,820 magnetic lines to the square centimetre. The 
iw of traction is that the pull per square centimetre is 
roportional to the square of the number of lines per 
juare centimetre : or in symbols 

p B~A - 

8tt 5 

here P is the pull in dynes, and A the area in square 
mtims. In the following table are given the values of 
le tractive force for different stages of magnetization. 


B 

Dynes 

Grammes 

Pounds 

lines per 

per 

per sq. 

per 

sq. cm. 

sq. centim. 

centim. 

sq. inch. 

1,000 

39,790 

40-5G 

• 577 

2,000 

159,200 

162-3 

2-308 

3,000 

358,100 

365-1 

5-190 

4,000 

636,600 

648*9 

9-228 

5,000 

994,700 

1,014 

14*39 

6,000 

1,432,000 

1,460 

20-75 

7,000 

1,950,000 

1,987 

28-26 

8,000 

2,547,000 

2,596 

36*95 

9,000 

3,223,000 

3,286 i 

46*72 

10,000 

3,979,000 

4,056 

57*68 

12,000 

5,730,000 

5,841 

83*07 

14,000 

7,800,000 

7,950 

113*1 

16,000 

10,170,000 

10,390 

147*7 

18,000 

12,890,000 

13,140 

186*8 

20,000 

15,920,000 

16,230 

1230*8 


It will be noted that doubling B makes the pull four 
les as great. One curious consequence of this law is 
it to enlarge its poles weakens the pull of an electro- 
gnet or magnet. In some cases — bar magnets for 
nnnle — their tractive power is increased by filing 



386, Solenoid, -Without any mitral core of i V0XL 
or steel a spiral coil of wire traversed by a current acts as 
an electromagnet (though not so powerfully as when an 
iron core in placed in it), Such a coil is sometimes termed 
a solenoid, A solenoid has two poles and a neutral 
equatorial region. Ampere found that it will attract 
magnets and he attracted by magnets. It will attract 
another solenoid ; it has a magnetic field resembling 

generally that of a 
bar magnet. If so 
f-* arranged that it can 

turn round a verti- 
cal axis, it will set 
itself in a North 
and South direction 
along the magnetic 
meridian. Fig. 193 
shows a solenoid 
arranged with pivots, by which it can he suspended to a : 
u table” like that shown in Fig, 198. 

With an iron core the solenoid becomes far more 1 
powerful. The effort of the iron core is by its greater 
permeability to multiply the number of magnetic lines 1 
as well as to concentrate them at definite poles. The 
student has been told (Art. 20 2) that the lines of force! 
duo to a current flowing in a wire are dosed curves, approxi- 
mately circles (Figs, 115 and 195), round the wire. If 
there were no iron core many of these little circular lines j 
of force would simply remain as small dosed curves! 
around their own wire ; but, mure iron has a permeability: 
hundreds of times greater than air, wherever the wire 
passes near an iron eon* the magnetic lines alter their shape, 
and instead of being little circles around the separate! 
wires, run through the iron core from end to end, and ! 
round outside from one end of the coil buck to the other, ; 
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there is iron there are more lines to How back.* Hence 
the electromagnet with its iron core has enormously 
stronger poles than the spiral coils of the circuit would 
have alone. 

In Art. 342 it was shown that the intensity of the 
magnetic held down the middle of a solenoid of length l , 
having S spirals, carrying C amperes, is — 


H = 


4ti- CS 
10 X l “ 


Since the area enclosed is 7rr 2 , the flux down the 
solenoid (without iron) will be 


N = 


47rV 2 

To f 


x CS. 


And, since 47 r magnetic lines go to one unit of mag- 
netism, the solenoid (without iron) will act as though 
it had as the magnetism at its pole — 


It will be noticed that for any solenoid of given length 
and radius the three magnetic quantities H (internal 
lield), N (magnetic flux), and m (strength of poles) are 
proportional to the amperes of current and to the number 
of turns in the coil. The product which thus comes into 
all electromagnet formuhe is called the number of ampere - 
turns, 

A. solenoid with a movable iron plunger is sometimes 
called a sucJdny -magnet The iron core tends to move into 
the position in which it best completes (Art. 379) the 
magnetic circuit. If the core is much longer than the 
coil, the pull increases as the end of the core penetrates 


* But, hi the case of ft permanent stool horseshoe magnot, bringing up 



down tin* coil, diminishing quickly as tins core emerges. 
Short iron cures are only pulled while at the mouth of 
the coil ; the maxiumm pull being when about half their 
length has entered, 

380. Tho Winding of Blootromaffnets.— -Tho 
exact laws governing the winding of electromagnets are 
somewhat complicated ; but it is easy to give certain rules 
which are approximately true. Every electromagnet 
shows the. same general set of facts- that with small 
exeiting power there is little magnetism produced, with 
larger exciting power there is more, magnetism, and that 
with very great, exciting power the iron becomes prac,** 
tically saturated and will take up very little additional 
magnetism. It follows at once that if the. electromagnet 
is destine*! t<> he used at tin* end of a long line through 
which only a small current, (perhaps only A J () . ampere) 
will lh»w, the requisite number of ampere-turns to excite 
the magnetism will not he attained unless many turns of 
wire are used ; and as the. current is small a lino wire 
may he used. 

It may he noted that when electromagnets am wound 
with many turns of line wire, these coils will add to the 
electric resistance of the circuit, and will tend to diminish 
the current. Herein lies a ditference in construction of 
telegraphic and other instruments ; for while electro- 
magnets with “ long coils/’ consisting of many turns of fine 
wire, must he user! on long circuits where there is great 
line resistance, such an instrument would he of no service 
in a laboratory circuit of very small resistance, for the 
resistance of along thin coil would he disproportionately 
great: here a short coil of few turns of stout wire 
would he appropriate (see Art 192), 

It is the nature of the Um\ according to whether it it 
of high resistance or low, which governs the questions 
how the coil shall he wound and how the lmttery shall be 


ampere-turns proportional to tlieir linear dimensions if 
they are to he raised to equal degree of saturation. 

As the magnetism of the magnet depends on the 
number of ampere-turns, it should make no matter 
whether the coils are bigger than the core or whether 
they enwrap it quite closely. If there were no magnetic 
leakage this would be true in one sense ; but for an equal 
number of turns large coils cost more and offer higher re- 
sistance. Hence the coils are wound as closely to the iron 
core as is consistent with good insulation. Also the iron 
is chosen as thick as possible, as permeable as possible, and 
forming as compact a magnetic circuit as possible, so 
that the magnetic resistance may be reduced to its utmost, 
giving the greatest amount of magnetism for the number 
of ampere-turns of excitation. This is why liorse-shoe- 
shaped electromagnets are more powerful than straight 
electromagnets of equal weight ; and why also a horse- 
shoe electromagnet will only lift about a quarter as 
much load if one pole only is used instead of both. 

As the coils of electromagnets grow hot with the 
current, sufficient cooling surface must he allowed, or 
they may char their insulation. Each square centimetre 
of surface warmed 1° C. above the surrounding air can 
get rid of about 0*0029 watt. If 50° above the sur- 
rounding air be taken as the safe limit of rise of tempera- 
ture, and the electromagnet has resistance r and 
surface s sq. cins., the highest permissible current will be 
0*38 Jsjr amperes. 

38 7. Polarized Mechanism. — An electromagnet 
moves its armature one way, no matter which way the 
current flows. Reversing the current makes no difference. 
There are, however, two ways of making a mechanism 
that will cause an armature to move in either sense at 
will. (a) The armature’s movement is controlled by 
an adjusted spring so as to be in an intermediate position 
when a weak current is flowing. Then sending a stronger 


or stopping the current will make it move the other way. 
(b) A polarized armature or tongue (i.e. one that is in- 
dependently magnetized) is placed bekoeen the poles of the 
electromagnet instead of opposite them. The direction in 
which it tends to move will be reversed by reversing the 
current in the circuit of the electromagnet. 

388. Growth of Magnetism. — It requires time to 
magnetize an iron core. This is mainly due to the fact 
that a current, when first switched on, does not instantly 
attain its full strength, being retarded by the self-induced 
counter-electromotive-force (Art. 458) ; it is partly due to 
the presence of transient reverse eddy-currents (Art. 457) 
induced in the iron itself. Faraday’s large electromagnet 
at the Eoyal Institution takes about two seconds to attain 
its maximum strength. The electromagnets of large 
dynamo machines often take ten minutes or more to rise 
to their working stage of magnetization. 

When electromagnets are used with rapidly-alternating 
currents (Art. 470) there are various different pheno- 
mena, for which the student is referred to Art. 477. 


Lesson XXXII . — Electrodynamics 

389. Electrodynamics. — In 1821, almost immedi- 
ately after Oersted’s discovery of the action of a current 
on a magnet, Ampere discovered that a current acts upon 
another current, apparently attracting it * or repelling it 
according to certain definite laws. These actions he in- 
vestigated by experiment, and from the experiments he 
built up a theory of the force exerted by one current on 
another. That part of the science which is concerned 
with the force which one current exerts upon another he 
termed Electrodynamics. It is now known that these 

* It would Ue more correct to speak of tlie force as acting on conductors 



actions are purely magnetic, and are due to stresses in tlie 
intervening medium. The magnetic field around a single 
conductor consists of a magnetic whirl (Art. 202), and 
any other conductor carrying a current when brought 
into the field of the first is acted upon by it. Fig. 194 
shows the field clue to two parallel straight current con- 



Fig. 194. Fig. ivr>. 


ductors, which were passed through holes in a sheet of 
glass on which iron filings were sprinkled. In Fig. 194 
the currents flow in the same direction; in Fig. 195 in 
opposite directions. In the first case the stresses in the 
field (Art. 119) tend to pull them together, in tiie second 
to push them apart.* 

390. Laws of Parallel and Oblique Circuits.— 

The following are the laws discovered by AmpcYre 

(i.) Two parallel portions of a circuit attract one another 
if the currents in them are jlowmj in the same direction , and 
repel one another if the currents Jin w in opposite direct ions. 

This law is true whether the parallel wires he parts of 
two different circuits or parts of the same circuit. 
The separate turns of a spiral coil, like Fig. 193, 
when traversed by a current attract one another ; 
such a coil, therefore, shortens when a current is 
sent through it. But this is equally well explained 




hy the general law of electromagnetic ay atom* 
(Art. 379\ because shortening will mince the 
reluctance of the magnetic circuit ami i nr ream* 
the flux. 

(ii.) 7Vo i tort imm o f circuits emmmj one another Mi iiptefa} 
<t t trad one tt mtther if hath the current & run either immnig nr 
from the paint of emmmp amt repci one another if one runs 
to and the other fmm that point. 

Fig. UH1 given three eases of attraction ami two »»f re- 
pulsion that oeeur in the w laws, 

(tit.) Illim an element of a circuit e ter is a form on 
another element of a circuity that force at imps tends to nrtfe 





the latter in a directum at right a miles to it* mm $Ureelim, 
Thun, in tins cams of two jsmdlel cirmittn, the force of 
attraction or repulsion acta tit right angles to the ettrretifi 
themselves, 

An example of lawn it, unit til, in a (Tonics! |»y (he rutte 
nhown in Fig, 197. Here twt> currenta ah timt td 
are movable rmirnl Own centre. There will tat 
art apparent rtpulmm between a amt d ami lie* 


The foregoing laws may be summed up in one, 
by saying that two portions of circuits, however 
situated, set up stresses 
in the surrounding 
medium tending to set 
them so that their cur- 
rents flow as nearly in 
the same path as 
possible, 

(iv.) The force exerted between 

two parallel portions of circuits is proportional to the product, 
of the strengths of the two currents , to the length of the 
portions , and inversely proportional to the simple distance 
between them. 

391. Ampere’s Table. — In order to observe these 
attractions and repulsions, Ampere devised the piece of 




Fig. 198. 


apparatus known as Ampere’s Table , shown in Fig. 198, 
consisting of a double supporting stand, upon which 
wires, shaned in different wavs, can be so huner as to be 


dip into two mercury cups, ho m to ensure good contact, 
while allowing freedom to move. 

By the aid of this piece of apparatus Ampere further 
deiuonntmtcd the following points : 

(a) A circuit doubled back upon itself, m that the current flows 
hm*k along a path done to itself, exerts no force upon ex- 
ternal point.fi. 

(h) A circuit heat into xigxags or siuuosiths produces the 
Mine magnetic effects on a neigh tmuring piece of circuit m 
if it were straight. 

(e) There is in no case any force tending to move u conductor 
in the direction of its own length. 

(d) The force Imtween two conductors «*f any form is the mmte, 
whatever the linear size of the system, provhled the distaim** 
he increased in the same proportion, and that the currents 
remain the same in strength. 

Tim particular case, given in Fig, UH>, wilt show the value of 
these experiment*. Imt AB and CD represent two wires carrying 
currents, lying neither parallel nor in the same plane, It follows 
from (h) that if we replace the jeirtiou ly hy the crooked wire 



PRBQ, the force will remain the Mine, The portion 1*11 k drawn 
vertically downwards, and m it can, hy (c), exjHfirbmen wo force 
in the direction of its length, this potion will neither \m attracted 
nor repelled hy CD, In the portion UH the current runs at right 
«gl®» to CD, and thin portion is neither attracted nor yetudled hy 



portions PR and RS will experience forces of rotation, however, P 
being urged round R as a centre towards C, and R being urged 
horizontally round S towards C, These actions would tend to 
make AB parallel with CD. 

392. Ampere’s Theory. — From the four preceding 
experimental data, Ampere built up an elaborate mathe- 
matical theory, assuming that, in the case of these forces 
acting apparently at a distance across empty space, the 
action took place in straight lines between two points, 
the total attraction being calculated as the sum of the 
separate attractions on all the different parts. 

The briefest summary must suffice. If we deal first with two 
parallel elements of length dli and dh carrying currents CiC 2 , and 
set at right angles to the distance r joining them, their mutual 
force will be 

d/= ~ C^dhdk/lOOr 2 . 

If, however, they are not parallel or in one plane, let <f) be the 
angle they make with one another, while 61 and 0 2 are the angles 
they make with r ; when 

df— - CiC^i^cos 0 - f cos 6 y cos 0 2 )/lOOr 2 . 

By integrating this expression one obtains the forces for circuits 
of any given dimensions. For example, for two parallel straight 
conductors of lengths lik, if these lengths are great compared with 
the distance r between them, we have 

/= - 2C 1 C 2 Z 1 Z 2 /100r. 

The researches of Faraday have, however, led to other 
views ; the mutual attractions and repulsions being re- 
garded as due to actions taking place in the medium 
which fills the space around and between the conductors. 
All these so-called electrodynamic actions are merely 
magnetic actions. 

An interesting experiment, showing an apparent 
mutual self-repulsion between contiguous portions of the 
circuit, was devised by Ampkre. A trough divided by 
a partition into two parts, and made of non-conducting 
materials, is filled with mercury* Upon it floats ar 



metallic bridge formed of a bout win*, of tin* form shown 
in Fig, 2(H), or consist mg of a glass tube filioil mphouwme 
with mercury. When a current is sent through the 


4 
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floating mudueior from X over MN, and out at V, the 
iloating bridge in observed to move ho an to increase the 
m enclosed by the circuit. But the force would he 
diminished indefinitely if the two parallel 
parts could lie made to He quite doge to 
one another, 

393. BloctromaRnatic Rota- 
tions. t’ontinuoUH rotation mn Ins pro- 
duce* i hetween a magnet and n circuit, or 
between two part* of one circuit, provided 
that one part of the circuit can move 
while another part remains fixed, or that 
the current in one part can he reversed, 
The latter device is adopted in the con- 
struction of eke trie vwtnrs (Art. 443), 
The former alternative in applied in 
some historic apparatus for showing 
Fig. cot, rotations, a sliding -contact being made 
between one |«irt of the circuit and 
another. He vend different forms of rotation -apfatrafcUH 
were devised by Faraday and hv* Antp&ra. One of 



mercury surrounding tlie pole of a magnet. On switching 
on the current the wire at once begins to walk round the 
pole with a motion that continues until the current is 
switched off. 

A pole of a magnet can also be made to rotate round 
a current ; and if a vertical magnet he pivoted so as to 
turn around its own axis it will rotate when a current is 
led into its middle region and out at either end. If the 
current is led in at one end and out at the other there 
will be no rotation, since the two poles would thus be 
urged to rotate in opposite ways. Liquid conductors too 
cun exhibit electromagnetic rotations. Let a cylindrical 
metallic vessel connected to one pole of a battery be 
ililed with mercury or dilute acid, and let a wire from 
the oilier pole clip into its middle, so that a current may 
How radially from the centre to the circumference, or 
vice versa; then, if this he placed upon the pole of a 
powerful magnet, or if a magnet be held vertically over 
it, the liquid may be seen to rotate. 

894. Electrodynamometer. — Weber devised an 
instrument known as an dectrodynmiometcr for measuring 
the strength of currents by means of the electrodynamic 
action of one part of the circuit upon another part. It is 
a sort of galvanometer, in which, instead of a needle, 
there is a small coil suspended. One form of this instru- 
ment, in which both the large outer and small inner coils 
consist of two parallel coils of many turns, is shown in 
Ftg. 202. The inner coil (JI) is suspended with its axis 
at right angles to that of the outer coils AA, BB, and is 
supported kijilttrlii (see Art. 130) by two line metal wires. 
If one current Hows round both coils in either direction the 
inner bobbin tends to turn and set its coils parallel to 
the outer coils ; the sine of the angle through which the 
suspending wires are twisted being proportional to the 
square of the strength of the current. 



unit current, and CjC tt the currents iu them, the torque («»r turning 
moment) will bn 

Thu chief advantage of thin instrument over a galvano- 
meter in, that it may he uml for alternating currents ; a 
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current in one direction being followed by a re verm* 
current, perhaps thousand* of times in n minute. Hueh 
currents hardly affect a galvanometer needle at nil ; the 
needle simply quivers in its place without turning. 

396, Siemens’s Bleotrodynamomciter, - In 

8km urns’* dynamometer (Fig, &03), much used for 
meamtrement of strong currents, whether of the con- 
tinuous or the alternating kind, one coil k fixed 
permanently, whilst the other coil, of one or two turns, 
dipping with its ends in mercury cups, k hung at right 


(urn parallel to ilia fixed coil®, but in prevented ; the 
turmoil index being turned until the twin! on the npring 


babmeen the torque. The. angle through 
whieh the. index baa bad to be turned 
i.s proportional to the product of 0j(\>, 
the current® in the fixed and movable 
coil®. 

For me of dynamometer aa trait mcirr, 
M*e Art. 438. 

390. Kelvin’s Current Bal- 
ances. Joule, Mam-art, Lord Ray- 
leigh, and other® have immured current a 
by balaneen in which gravity wan 
oppmed to the attraction or repulmon 
of two coil®. Of Hueh balanceH tin* 
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muht perfect are thoac of Lord Kelvin, 
the principle of which in outlined in Fig. 204. I here are 
four fixed coil®, A1UM), between whieh in Hunpended, by a 
flexible metal ligament of tine wire®, at the ends of a 



I‘M«. 204. 


light beam, a pair of movable coil®, K and K The 
current flow® in aucb direction® through the whole six 
that the beam tend® to rimi at F and aink at It. The 
beaut ciuTteH a nmall pan at the h end, and a light arm, 
not shown in Fig. 204, but ®ho\vn in Fig. 205, along 
which, an on a nleebyard, a sliding weight can he moved 



force is proportional to the product of the current in the 
fixed and movable coils as in all electrodynamometers. 

Lord Kelvin lias designed a whole range* of these instruments : 
— a centi- ampere balance reading from O’Ol to 1 ampere ; a deci- 
ampere balance reading from 0*1 to 10 ; a deka-ampere balance 
reading from 1 to 100 ; a hekto-ampere balance reading from 6 to 
600 ; and a kilo-ampere balance reading up to 2500 amperes. The 
centi-ampere balance is shown in Fig. 205, in which the sliding 
weight is carried on the base of the pointer (shown white), and 
when at the zero of the scale just balances the weight in the V- 
shaped pan. Any current passing through the coils causes the 
beam to tilt and the pointer is moved (by means of a self-releasing 
slider attached to cords) until it is again horizontal (as shown by 
the black pointer at either end). With a certain pair of weights 
the fixed scale gives the current in decimal parts of an ampere ; 
but by the use of other weights a wider range is obtained. 

Tlie “ ampere-standard ” instrument, and the “ volt- 
standard” instruments of the Board of Trade, kept at 
Whitehall as legal standards for Great Britain (see 
Appendix B), are current balances of special construc- 
tion, designed by Major Cardew. 

397. Electromagnetic Actions of Convexion 
Currents. — According to Faraday a stream of particles 
charged with electricity acts magnetically like a true 
conduction current. This was first proved in 1876 by 
Howland, who found a charged disk rotated rapidly to 
act upon a magnet as a feeble circular current would do. 
Convexion currents, consisting of streams of electrified 
particles, are also acted upon by magnets. The convective 
discharges in vacuum-tubes (Art. 320) can be drawn aside 
by a magnet, or caused to rotate around a magnet-pole. 
The brush discharge (Art. 319) when taking place in a 
strong magnetic field is twisted. The electric arc (Art. 
448) also behaves like a flexible conductor, and can be 
attracted or repelled laterally by a magnet. Two stationary 
positively-electrified particles repel one another, hut two 

* For a fuller account of these Current Balances, and of the Wattmeters 


parallel currcnu nltr«»«*t one another , Art. dlfui s mid 
if electrified particles flowing along net like current^, there 
should be an (electromagnetic) attraction between two 
eleetnhed part ides moving along aide by aide through 
apace, According to Maxwell* theory (Art. Mh) the 
electrostatic repulsion will l*e ju*t equal t«* the electro, 
magnetic uUmdiou when the |mrlieles move with a 
velocity equal to the Velocity of light. 

Hall discovered in 1H70 that when it powerful magnet 
is matle to act upon a current flowing along in a drip of 
very thin metal, the equiiHiteniinl lines arc nn longer at 
right angle* t<* the lit tea of flow of the current in the atrip. 
Tit in action appears to Im counceted with the magnetic 
rotation of jiobirized light (Art, ft SHE, the eodhrient of thin 
transverse thru«t of the magnetic held on the current 
lasing feebly + in gold, strongly + in bismuth* and ■ in 
iron, and immensely strong negatively it* tellurium. It 
waa ahown by the author, and about the name time by 
Kighi» that those metab* which manifest the Hall effect 
undergo a change in their electric rcHiMtanee when placed 
in the magnetic held. The resistance of bismuth immm$ 
»o greatly that it affords a way of measuring the strength 
of magnetic, fields. 

898. Amp&ro'a Theory of Mairnotfum.-— -Ainr 
pbre, finding that solenoids (such as Fig, tfKfi ad pre- 
cisely as magnets, conceived that all magnets are simply 
collection* of currents, or that around every individual 
molecule of a magnet an electric current k ceantdewly 
circulating. We know that mud* current* emild nut flow 
perpetually if there wen* any re*t»tnm:e to them, and we 
know that there is resistance when electricity Hows from 
one molecule to another, As w« know nothing nkiui the 
interior of molecules themselves, we cannot assert that 
Ampkidi supposition i* impossible. Hi nee a whirlpool of 
electricity act* like a magnet, there mmm indeed vvmm 



CHAPTER VI 


MEASUREMENT OP CURRENTS, ETC. 

Lesson XXXIII. — Ohm’s Law and its Consequences 

399. Law of Dr. Ohm. — In Art. 191 the law 
discovered by Dr. G. S. Ohin was stated in the following 
terms : — The strength of the current varies directly as the 
electromotive - force, and inversely as the resistance of the 
circuit. 

Using the units adopted by practical electricians, and 
explained in Art. 354, we may now restate Ohm’s law 
in the following definite manner : — The number of amperes 
of current flowing through a circuit is equal to the number 
of volts of electromotive-force divided by the number of ohms 
of resistance. Or, 

amperes = volts -f- ohms, 

C = E/E. 

The above is the simplest way of stating the law, but in 
its application it is not quite so simple. If we apply it to 
a whole circuit we must consider both the total E and the 


circuit. F«»r example, the current may flow from the 
Fine plate of the first nil through the litpud to the carbon 
plate, then through a connecting wuv »»r wtvw to the 
next eel!, through if* Ihptid, through the connecting screws 
suit! lap this of the rest <*f tlte cells, then through a wire 
to a galvanometer, thru through tin* coils of the galvano 
meter, then perhaps through an eleetroh tic cell, and 
family through at return wire to the /me pole of the 
battery. In this case there are n number of separate 
electromotive- forces all tending to pnnbtce a flow, and a 
number of different resistances, each obstructing the flow 
ami adding to the total resistance, If in such a t ame we 
knew tin* separate values of all tin* different elect fntiintivr* 
forces ami all the different resistances that are in series we 
eouhl calculate what the current would he, for it would 
have the value 

( , r f r* \ t” | fi* | 

r* t t” \ r' 4t f r»*i ..... 

Total electromotive force 
Total resist a tire 

Kmmpif, Let there W f* cells in »»et ien each having m \ 
volts, and each an internal r 0*4 ohto ; and let the 
external part of circuit lmve redutnucc 0 ohnw. Total 
K 7 Volta; total U o ohttm, t*urtcnl t * will he If 
am I anew, > 

If any one of the cells were set wrong way round its 
electromotive ‘•■force would oppose that of the other cells ; 
an opposing electromotive force must therefore he sole 
traded, or reckoned ns negative In the algebraic sum. 
The u jHilarimtion ** (Arts. 175 and 4B7) which occur* 
in battery cells and in electrolytic cells after working for 
imne time is an opposing electromotive force, and 
diminishes the total of the tdectromoti vio forces in thn 
circuit Bo, also, the Induced hark &M.R which is net 


current; in such case, if E is tlie electromotive-force of 
the battery, e the opposing electromotive -force, and R 
the total resistance, we shall have 

p __ B - e 

Example . — Suppose the battery to generate current at 25 volts, 
and the motor to generate a back electromotive-force of 
20 volts, and the total resistance to be 2£ ohms, there 
will be a current of 2 amperes. 

But we may apply Ohm’s law to a part of a circuit. 
If e represents the difference of potential between two 
ends of a conductor of resistance r, the current C in it 
must be = ejr. Or, to put it the other way round, the 
electromotive-force needed to drive C amperes through a 
resistance of r ohms will be e — rC volts. 

Consider the case of a circuit of which the resistance 
is made up of two parts, an external resistance R consisting 
of wires, lamps, etc., and of a smaller resistance r internal 
to the battery or dynamo (viz. the resistance of the 
liquids in the cells, or of the wire of the armature). Then 
if E is the whole electromotive-force we shall have as 
current 

E 


C = 


R -1- r 


or C(R + r) == E ; 

or again CR + Gr = E. 

This means in words tha&fche total volts may be considered 
as being employed partly in driving the current through 
the external resistance R, partly in driving the current 
through the internal resistance r. This latter part 
of the electromotive-force is called the lost volts ; the 
remainder being the useful or externally available volts, 
that would be measurable by a voltmeter (Art. 220) 
set across the terminals. If we call the available volts Y 
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V K - < V ; 

w in word* : (lir volf* as iwaMtivd a! tin* tnnuiuul# of a 
rvll or dynamo urn ]**»*?* than tin* tvlmh* K, M, F, gmrmtrd 
ihoivin ; Wing <*411.4! l* > tin* wind** K.M.F. It**# thr lost, 
volts. Thv lont volts Wing proportional to intvnud tv 
mntaiuv it is obviounlv Uvnt to kwji all tulvruit! roftiMunm* 
an low si« pouftihh*. Only whim th«* *adt U giving no 
*umvnt art* thorxtvrnnl volts V r*|ual to tin* whoh* K.M.F. ; 
for wlu'U t * • 0, (V is also *». 

A* cum ififr, A ilyimmo is dvdgtunl to giumnitv its t a iirr«*utM 
with nu rhr 1 1 *»im »t ivr • ft»r*v of 105 volts. Thu intrriwl 
of its arniatur** i* A*, ohm, VV Wa It is giving 
out vuiTrijt of Tits tW lost volts will lw UJii x ^ 

4 volts, (*ou«*»|u»’n!l) tl»’ volt.?! i*vnihd»h» in tim 
ekturiml circuit will W only 101, 

Khun* <! « ' it f«4 town aUo that V K t U . 

it l r 14 it l r 

400. Resistance. Himintmiw its tl»« names givcm to 
that property of material* hy virtue of whkdt they ohatruet 
the nteady flow of eWtrieity through thorn, amt fritter 
down into heat the energy of tin* eurrent. It in found 
that tins nmntntm) of u metal wire, if k**pt at nu unvary- 
ing temperature, k the mmo whether a largo mtrmii or 
a munll cummt lm flowing through it, For example, if 
■a wire baa a remnianee mieh that when a differmre of 
jmtential of 10 vcdtn k applied to it* end« a eurrtmt of 
8 amperes flow** through it (ita rmdtUamv being 5 ohms), 
it will Im fount! that if I volt t* applied the current will 
Iw 0*2 am j wren, tin* rat it* tadween volt* and ampere* 
Wing fl an before. 

Tins unit of reawtattee, or nkm, i* it standard rhetten in 
order that the twwtnnw* of other eonduetori tuny In* 
axpn»*M4 in definite numbers, Tin* defitulkm of it m 



Rr>i).(umvH in a circuit may l»c, of (wo kinds — first, 
tho n*. i *tnmv,i of tin* eomlurfom (metals, alloys Ik^uids) 
themeeheH ; m'umU tin* resistancca due to imperfect contact 
at points, Tito latter kind of resistance m aH'ueted by 
pressure, tor when tin* surfaces of two conductors are 
brought into more intimate contact with one another, 
(he current parses more 1 reedy iroiu one conductor to 
the other, The eontaebresistanre of two copper con- 
ductors may vary from infinity down to a small fraction 
of nu ohm, according to tin* pressure. The variation of 
rcmdnnro at a point of imperfect contact in utilized in 
telephone transmitters (Art. ft 1 2), The conduction of 
ptnnirml natal# in remarkable. A loose heap of filings 
scarcely conducts at, all, owing to the want of cohesion, 
or to the existence of films of air or dust. But if be- 
amirs instantly it good nmduetor if an electric spark is 
allowed to occur anywhere within a few yards of it (see 
Art. fi*2 1 }, The resisting films of air are broken down 
by minute internal discharges in the mass. A very 
slight agitation by tapping at once makes the powder 
mm conductive, 

Fi*r the purpose of regulating the flow of currents, 
and for electrical measurements (Art 411), variable 
rmdancen are employed, Redd* 

•rmv» enih (Art 414) are sets of 
coils made each of a definite 
value in ohms, of which one or 
inure ran he inserted in the 
bivuit at will, Rhcmtith consist 
»f easily adjustable resistances. FI#, sort, 

the length of wire in circuit 

lasing varied by turning a handle. In some cases the 
henstiit win* is wound off and on to a roller. In 
itliew it handle (Fig. 200) moving over a number of 
uniat studs varies the amount of resistance- wire through 
■vhioh the current must flow. Carbon rheostats consist 




sqtmi' 1 % urnutj 4 »‘«l in a pile, with a n*iv\\ t.* r***lut*t* t Iit*ir 
rcMsluuoc l»y si|Uoe/iug tln-m too«*tln*r into contact. 

401, IjUWh of XtoMintumu*. Tho follow in# mv t ht* 
laws of tin* resistance of oninhiotor * ; 

(i, 7V if r' nUhtnt't of ti nui’hi* t nnj ivii* is pf apart iomt! to 
it* ifmjth, If tin* jvu fnmv of u milo of iron 
telegraph-wire he 17 oiling that of fit) milcn will 
in* f»» X 1 7 ' Hf»0 nlitipi, 

(ii.) 7Vit* its infant'* 4 «»/* n vamhuitiuij win- i.i ini 1 * nuhj pro 
pnji itmttl b* thi arm t*j it* rra.ti ** rtnan utni therefore 
ill the Usual wire** h inmndij prapmiitmat 

it* tin * pair*- of it* tliaiti*t?r, OnUimry telegraph* 
win* in uh«mt \ of mi inch thhk ; u win* twin* 
«m thick wouM conduct four time** mi well* 
having four times tin* area of cross -section ; 
hence mi njtml length of it would have only | 
the resistance. 

(i ii.) The muVuinv of a rmalurtimj irire tf tjivnt lemjth 
and thi*'kn*-n$ depend* upon tin* material of which 
. it in made that is to any, upon fhr apeoifio 
rOHistanoo */ the material 

If the length of a wire U* l centimetres, an*! its area 
of urction A Njimri’ centimetres, and the apeeihe resistance 
of the material ho /», then it* resistance It will ho 

H ip A, 

Kmmpb\ Font tin* r*«*i*t#fiee «*f a pUltu^ol wire of portion 
0*001 »*|, «?!«., and ‘2UU run h*i»g ; /• ilii'n > 4 Jo *\ 
It ”i I ohm*. 

402. Oonductanoo and IkielattimMt, Tho term 

amdadanre it* used m tho inverse of resistance ; a coin 
dnotor whoso resistance is r ohms in said to hnvo a com 
duetanee of 1 V u mhnd' When n number of conductors 


X cm. ami its area of section is I stj[. cm., is called its 
conductivity or specific conductance . 

The resistance of a prism of length 1 cm. and section 
1 H([. cm. is sometimes called its resistivity or specific 
resistance. 

403. Specific Resist axice. --The specific resistance 
of a suh, stance is most conveniently stated as the resistance 
(in millionths of an ohm) of a centimetre cube of the 
substance. The Table on p. 404 also gives the relative 
conductance when that of copper is taken as 100. 

Aluminium is a better conductor than silver, weight 
for weight. 

It is found that those substances that possess a high 
conducting power for heat; are also the best conductors 
of electricity, but the ratio of these conductivities is 
not constant ; it varies as the absolute temperature. 

Liquids fall under three heads : (1) molten metals and 
alloys, which conduct simply as metals ; (2) fused salts 
and solutions of salts and acids, which conduct only by 
electrolysis (Art. 487) ; (3) insulators, such as the oils, tur- 
pentine, etc., and bromine. Liquid electrolytes are worse 
conductors than metals ; gases, including steam, are per- 
fect non-conductors, except when so rarefied as to admit 
of discharge by convexion through them (Art. 320). 

404. Effect© of Heat on Resistance.— Changes 
of temperature affect temporarily the conducting power 
of metals. Nearly all the pure metals increase their 
resistance about 0*4 per cent for a rise of 1° C. in tem- 
perature, or about 40 per cent when warmed 100°. 
When cooled in liquid oxygen the resistance was found 
by Wroblewski to fall greatly. A copper wire which at 
O w had a resistance of 17*5 ohms fell to 1*65 ohms at 
-201° (1. Dewar and Fleming find all pure metais to 
lower their resistance as though at -274° 0. (absolute 
zero of temperature) they would become perfect con- 
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which when cold was 230 ohms, was only 150 when 
white hot. German - silver and other alloys do not 
show so much change, hence they are used in making 
standard resistance coils. The teinpeiutiire-coeflic'umt of 
German-silver is only 0*00044 for 1 C., or that ol 

the pure metals. Platinoid and platinum-ail ver have about 
0*00011 for their coefficient. Weston has found alloys 
of manganese, copper, and nickel, which have a small 
negative coefficient. Those liquids which only conduct, 
hy being electrolyzed (Art. 234) conduct better as the 
temperature rises. The effect of lit/ht in varying the 
resistance of selenium is stated in Art. 52!). The pro- 
perty of changing resistance with temperature, is now 
used for measuring furnace temperatures in Gallendar’s 
platinum pyrometer. The bolometer used hy Langley 
in researches on radiant heat; depends on the same 
property. 

405. Insulators. — The name imnlttUm is given to 
materials which have such high resistances that they enu 
be used as non-conductors. They differ much in their 
mechanical qualities as well as in their insidation-ivsiiit- 
ance. They may be classed under several heads; (1) 
Vitreous , including glass of all kinds and slags ; (2) H 'tuny, 
including slate, marble, stoneware, steatite, porcelain, 
mica, asbestos ; (3) Resinous , including shellac, resin, bees- 
wax, pitch, various gums, bitumen, ozokerit ; (4) FA«*tu\ 
including india-rubber, guttapercha, ebonite . ; (5) Oi/y ) 
including various oils and fats of animal and vegetable 
origin, as well as solid paraffin and petroleum oil ; (0) 
Cellulose , including dry wood and paper, and preparations 
of paper, such as “ fibre” and celluloid. All these 
materials decrease their resistance enormously iw the 
temperature rises, and in general become fairly good 
conductors as soon as any chemical change begins ; gome 
of them (as glass) conduct as electrolytes so soon ns they 
soften. 



imp ports nf Mnurwniv, pojr« -lain* nr gla-^ «»u win* h trim 
graph wiiv* ntv rurrirtl Art, 11*7 . 

400. Typical Circuit. hot w* ***nmU r tin* ty ptVul 
rant* of the oiivuit shown in Ksg. t!t»7, in win* li a hut lory, 
7A \ is join«*«{ up in r iron it v\ ilh a oalvunumHor hy mouu* 
of vvitvtf who. a* roustutiro i< In Tin* total olootroiitotivo 
form of tin* huthry «v uih fall 1% uml tin* total intortml 
ivnistuiuv of tin* in tin- roll* r, Tin* r*‘44u»oo of 

I h** gulviuiojurlor voil * may hr ea I !*•* { i ), Thru, hv < >Uin\ 
law : 

<■ K . 

U * * I u 

Tin* hit* rath i’tiiiitftuio r of tin* luptnh of tho hutlorv 
hoars an important mint it »u to tin* sttmntl iv/uw/nmv of 

t lie fiivuit iitu'hnlitiK It 
uml U), for on this relation 
4 1 * pi* ink tin* host way of 
arranging tin* Imilory rolls, 
Supptru*, for miunplt% that 

wr Imvf n hattory of 50 

small I >aun*U a rolls til our 
hi *pM';.;iI, of whn*lt Wr* may 
rifkon tin* rlortromotivo- 
}or<"o 14 s * «*tn* volt (or* morn 
urmtmtoly, I ’07 volt i ouoh, uml «*a* h having an internal 
muHtanm of two ohms, If w«* lmv«* to inu* tlu*w rolls on n 
oirruit whom thorn in uimnly of noron at y a high 
iturn, wo should cuttpln tlmm up ** in whoa M rntln* r than in 
piuidloi. Kni*, supposing wo Imvn to muni <mr rtirronf 
through a lino of {olograph 100 mi!** long, tin* oxtorttul 
iwiMtiUn’o It will ho t rook iming III ohm* to tin* tmU* of 
wire*) lit loimt l!loo ohtu». Through thi* tv*iMtatu*o a 
»i tight mtrh roll would givo n runout of low thnn **tio mil It 
am port*, for horo K I* II 1 30* *, r g, and ihotoforo 



Willi fifty such cells in series we sliould lmve E = 50, 

>’ — 100, and then 

(! ~ moim-mo-zs of an am r ere ’ 01 ovor 35 miUi - 

amperes. In telegraph work, where the instruments 
require a current of 5 to 10 inilli-amperes to work them, 
it is usual to reckon an additional DanielPs cell for every 
f> miles of line, each instrument in the circuit being 
counted as having as great a resistance as 10 miles of 
wire. 

I f, however, the resistance of the external circuit he 
small, such arrangements must he made as will keep the 
total internal resistance of the battery small. Suppose, 
for example, we wish merely to heat a small piece of 
platinum wire to redness, and use stout copper wires 
to connect it with the battery. Here the external resist- 
ance may possibly not he as much as 1 olnn. In that 
ease, a single cell would give a current of J of an ampere 
(or 333 inilli-amperes) through the wire, for here E=l, 
R - 1, and r = 2. But 10 cells would only give half 
as much again, or 470 milli-amperes, and fifty cells only 
495 milli-amperes, and with an infinite number of such 
cells in aeries the current could not possibly be more 
than 500 milli-amperes, because every cell, though it adds 
1 to E, adds 2 to R. It is clear then that though link- 
ing many cells in aeries is of advantage where there is 
the resistance of a long line of wire to he overcome, yet 
where the. external resistance is small the practical advan- 
tage of adding cells in series soon reaches a limit. 

But suppose in this second case, where the external 
resistance of the circuit is small, we reduce also the 
internal resistance of our battery by linking cells to- 
gether in parallel, joining several zincs of several cells 
together, and joining also their copper poles together 
(m suggested in Art. 192), a different and better result 



*»f one cell, but t heir resist anre will he but | of one 
hucIi roll, or A an ohm. These four roll* would give 
a nirrent of tMW milli amperes through an external 
resistance of I ohm, for if K 1, H 1, ami the in 
ternnl resistance bo J of r, or j,, thou 

<’ j ]i «»f an ampere, or titltl ubllbamperes. 

If wo arrange the cells of a battery in n ft Ion of m 
cells in series in each file (there bring m x n similar cells 
altogether*, tin* electromot ive force of each tile will bo 
in times the electromotive form K of each roll, or w K ; 
ami thr resistance of each lib* will bo m times tin* resist- 
ance r of each roll, or no*. Hut there bring n tiles in 

parallel thr wholr internal resistance will bo only - 

* H 

of the resistance of any our file, or will bo -V hence, 

bv Olnnht law, such a battery would give an its 
nmvnt 

^ , m K 
”V 1 U 

407. Beftt Grouping of Colls.- If thr question 
arises an to tin* best way of grouping a given number of 
cells, it mind hr replied that thrrr are ftcvcrul best ways. 

(1) Unntj*iinj /or If* at Kvmtmij, ■■ So group thr cells that, 
their united internal resistance ahull hr irrymnall compared 
with thr external resistance, In thin raw* thr materials of 
thr battery will be mummied slowly, and thr eurrrnt will 
not be drawn off at it h greatest possible strength ; but 
thrrr will be a minimum waste of energy (Art. 4 H5). 

(si) tlrmtpintj ft*r tjmttmt Ihtrrait, It run be shown 

mathematically that, for a given battery of cells, the way 
of grouping them that will give the largest steady eurrrnt 
•when they are required to work through a given external 

’MititltikiftirftrfM* Mtt #*hm tUMk ta inn*! 4 


student should verify this rule by taking examples and 
working them out for different groupings of the cells. 
Although this arrangement gives the strongest current it is 
not the most economical ; for if the internal and external 
resistances he equal to one another, the useful work in 
the outer circuit and the useless work done in heating the 
cells will he equal also, half the energy being wasted. 

(3) Grouping for quickest Action . — If there are electro- 
magnets, or other objects possessing self-induction (Art. 
458) in the circuit, which would tend to prevent the 
' current rising quickly to its proper value, the best group- 
ing to cause the current to rise as quickly as possible is one 
that will make the internal resistance higher than the 
external, namely, put all the cells in series (see Art. 460). 

408. Long- and Short Coil Instruments. — The 
student will also now have no difficulty in perceiving why 
a “ long-coil ” galvanometer, or a u long-coil ” electro- 
magnet, or instrument of any kind in which the conductor 
is a long thin wire of high resistance, must not be 
employed on circuits where both R and r are already 
small. He will also understand why, on circuits of great 
length, or where there is of necessity a high resistance and 
a battery of great electromotive force is employed, “ short- 
coil” instruments are of little service, for though they 
add little to the resistances, their few turns of wire are not 
enough to produce the required action with the small 
currents that circulate in high-resistance circuits. He will 
understand, too, why “ long-coil ” instruments are here 
appropriate as multiplying the effects of the currents by 
their many turns, their resistance, though perhaps large, 
not being a serious addition to the existing resistances of 
the circuit. The main point to grasp is that it is the 
nature of the line , whether of high resistance or low, which 
determines not only the grouping of the battery, but also 
wliat kind of winding is appropriate in the instruments. 

409. Divided Circuits. — If a circuit divides, as in 


ut K, tht* runvnt will ulna iMMliviilnl, | »iiri flowing f hr* *i: 
mu* hninuli, pari through tin* otlu*r. Any i»nun h wit 
KfrvoH m u hv t«» itiiotluT luntn'h ia turmoil a ah\ 
Th * nf'thri' stmiijtlm *»/ iurrmt in the f#o» bntni 
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will In* proportional 

I Sit* i r * t i,*\ ■ 

VriHfiif }*$'■> jMift iomtt t * I fj 

?’t ,<i Hi't * lliit-i, if i 1 

a w iiv of *i uhturi tv«i*U 
uini r li ulijiri, thru 
» un**nt ut r : rurniit. 
#■’ r : / ,‘i : *i„ 

*T, « of f li«* \v||m|i« tj 

i «*f i lt«* wh»»lo * urt 1 


ivtit will flow through i % ami 
through v\ 

Thu joint re*i*l*tne« of tin* tUvi<U't! » tivmi ln«twi*ni| 
itu*i B will Ik* lusm tlum this iv.«t»tnin**i of inthur hrai 
«i ugly, Ihhwuhi! thw <*ummt Un» now two paths, In |] 
thu joint ntuilurUfit'i* will In* th** »ttm of tin* two «u|«m 
mntluduum*. Ami if vv<* mil fin* joint rmintim*'** l| 
follow* t hat 


I I t I _ . r* " 

It * i‘‘ 


whiitttU II , * , or* til Woi>K the font 

f ! i' " 

sinhtnrr nf >t tti titbit rmnhiefnr m npini in th*- pr»>thni »»/ 
two at pit ft tit rr*i*tttner* divided tnj their #nn«. Thi* mi m.»! 
timuH call***! the Imp nf thunf*, Inwiiihw «**nl» of thu hrrtiis) 
may h«* tvgnr<h*»l m a shunt to tin* othrr, A aiit§ptr *\ 
Htrurf ion for finding tin* vnlm* graphically in gm?st in I 
209. Lot liut'H r«*j»n*»t»nting flu* two raoafnuma r tm\ 
hi* urui'tfil at flu* »*mU of any l«i ??* linr, n?nl tin* iltag«»i 


* Th*»r»* ka |«*|»ukr ftttfitr'y that mi nWok no-omt tnlM 


drawn as shown. The perpendicular at the point of their 
intersection will be the joint resistance K. 

In case there are three or more branches all in parallel, 
as in Tig. 210, the rule may be generalized as follows : — 




Fig. 210. 


The joint resistance of any number of conductors in parallel 
is the reciprocal of the sum of the reciprocals of the separate 
resistances . 

Kirchhoff has given the following important laws, both 
of them deducible from Ohm’s law : — 

(i.) In any branching network of wires the algebraic sum 
of the currents in all the wires that meet in any 
point is zero. 

(ii.) When there are several electromotive-forces acting at 
different points of a circuit , the total electromotive- 
force round the circuit is equal to the sum of the 
resistances of its separate parts multiplied each into 
the strength of the current that flows through it 

410. Current Sheets. — When a current enters a 
solid conductor it no longer flows in one line but spreads 
out and flows through the mass of the conductor. When 
a current is led into a thin plate of conducting matter it 
spreads out into a current sheet and flows through the plate 
by stream-lines in directions that depend upon the form of 
the plate and the position of the pole by which it returns 
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points A and it in tin* of a \» m l u-.v lli! 

of tinfoil, tin* niiniii flow . ihi^n/h th** ! * * 1 1 iud m oft«% 
ft might 1 1 u«* 1 1 • *m A to I h i hi ju ■ tn-.uii !su> v. huh ;4ai1 
out lit all dim !!*»}». tY**m A, til l * m I 3 ■» < i*» | f,» tan*! \\ t 
Is Hi i urve ■ \* t \ lil*** I li* * ** t*I‘ ! hi* “ h n* • m! hiu-" that 
ittn from tin* N |».*}«- t>» th»< S g -h* »•!" a m.i n*i ■ Ksg. i*7 *. 
U‘h«*H f hr i-nrth I > u «*«i a.-* a l «*f Ut U W i o !m »««udttrt tilt* 
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411, Mtmmirnmont of EimlHitmuo '{’In- gmrti 
i*ul ohutririan hm* t»» MmMur rh . h n al svatititm’i'n, ilort r<»- 
timlivv fWro% and tin* ragmiin »<f rMudrimorH, Fault of 
thvnr wnvml it it*** i>* no- omml I« v r*»in|»nrin«tti with 

UHU'Haimal ntaudiird*, tin* garth ulnt nntloul » of noutganwm 
varying* ImwoviT, to jn*vt tlir rirrmiottauro?* of tin* atir* 
Only n tvw idmglr ra.mi ran hr hrtr t igSaim d. 

Ohmn law nlmw* m* that flu* Mtvngth “I a » urrmt <Itun 
to an i’lrrf rontotivr info 1 fall* oft HI | *r* *{H *t tlt 4 || m till! 
r*‘*ii*tain*»» in tin* ritvttil im traw?i. 

(a) Mfihtni tf It j* thotvforo jHwdhln t« 

vutttptlv two Ir?UHtanri «4 with our Htiothr*' I* V finding ollt 
in what grojMUfion »*n»*h of thorn will ranno tho rui ront *«f 
it ron4ant haflnry to fall off, Thu*, in Fig, *jn? 

wo hnvo a Htmulunl hattrry of a fVw Oaniriln roll#*, 
jotntnl «j» in t*i rruit with u wiro of im unknown tv*i*t4i!ta* 
H, and with a gnlvanoniotor, wo nhnU obtain u rurront of 
a rrrfmu strong! h, n* indhatrd l»y tho galvatiomrlrr nmile 
oxgorlourtng a rortuiu doth \iuu, If wo twtiovo tin* win* 
lt> and Hulwtituio in it* glum in tho ritvttil wtro» whom* 
ro»intnUrr,M Wo Wo may* by frying, ttinl out’ whirls* 

whim intornoHoii in tin* unfit of thu oiirri?ttt* uivri tlio an mo 



method of substitution of equivalent resistances was further 
developed by Wheatstone, Jacobi, and others, when they 
proposed to employ as a standard resistance a long thin 
wire coiled upon a wooden cylinder, so that any desired 
length of the standard wire might be thrown into the 
circuit by unwinding the proper number of turns of wire 
off the cylinder, or by making contact at some point at 
any desired distance from the end of the wire. This form 
of rheostat was found, however, to be less accurate than 
the resistance coils described below. 

(6) Method of Proportional Deflexion . — The method 
explained above can be used with any galvanometer of 
sufficient sensitiveness, but if a tangent galvanometer is 
available the process may be shortened by calculation. 
Suppose the galvanometer and an unknown resistance R 
to be included in the circuit, as in Fig. 207, and that the 
current is strong enough to produce a deflexion 8 : Now 
substitute for It any known resistance B/, which will alter 
the deflexion to 8'; then (provided the other resistances of 
the circuit be negligibly small) it is clear that since the 
strengths of the currents are proportional to tan 8 and 
tan 8' respectively, the resistance ft can be calculated by 
the inverse proportion. 

tan 8 : tan 8' = It' : It. 

(cj Method of Differential Galvanometer . — With a differ- 
ential galvanometer (Art. 217), and a set of standard 
resistance coils, it is easy to measure the resistance of a 
conductor. Let the circuit divide into two branches, as 
in Fig. 211, so that part of the current flows through the 
unknown resistance and round one set of coils of the 
galvanometer, the other part of the current being made to 
flowthrough the known resistances and then round the 
other set of coils in the opposing direction. When we 
have succeeded in matching the unknown resistance by 
one eaual to it from amonsst the known resistances, the 
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between those two points. For V = OR, and therefore, for 
tlie same C, the V across any part is proportional to the 
B of that part. We know, for example, that when we 
have gone round the circuit to a point where the potential 
has fallen through half its value, the current has at that 
point gone through half the 
resistances. The best way to 
measure a very large current 
is to measure (with sensitive 
voltmeter arrangement of gal- 
vanometer) the drop of poten- 
tial it produces when sent 
through a known very low 
resistance such as a strip of platinoid having exactly 
T FoT °hm resistance between two measured points. 
To measure a very small resistance, it should be put in 
series -with another known very small resistance, and 
the drops of potential when the same current flows 
through both are compared : the resistance of each being 
as the drop in potential between its ends. 

413. Wheatstone’s Bridge.- — This instrument, in- 
vented by Christie, and applied by Wheatstone to measure 
resistances, consists of a system of conductors shown in 
diagram in Fig. 213. This circuit of a battery is made 
to branch at P into two parts, which reunite at Q, so 
that part of the current flows through the point M, the 
other part through the point N. The four conductois 
D, C, B, A, are spoken of as the “ arms ” of the “balance ” 
or “ bridge ” ; it is by the proportion subsisting between 
their resistances that the resistance of one of them can be 
calculated when the resistances of the other three are 
known. When the current which starts from C at the 
battery arrives at P, the potential will have fallen to a 
certain value. The potential of tlie current in the upper 
branch again falls to M, and continues to fall to Q. The 
potential of the lower branch falls to N, and again falls 
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414. Resistance Coils. — Wires of standard resist- 
ance are now sold by instrument-makers under the name 
of Resistance Coils. They consist of coils of some 
alloy, German-silver, platinum-silver, or platinoid (see 
Art. 404), wound with 
great care, and adjusted 
to such a length as to 
have resistances of a de- 
finite number of ohms. 

In order to avoid self- 
induction, and the con- 
sequent sparks (see Art. 

458) at the opening or 
closing of the circuit, 
they are wound in the peculiar non-inductive manner 
indicated in Pig. 214, each wire (covered with silk or 
paraffined-cotton) being doubled on itself before being 
coiled up. Each end of a coil is soldered to a solid brass 



Fig. 215. 


piece, as coil 1 to A and B, coil 2 to B and 0 ; the brass 
pieces being themselves fixed to a block of ebonite (form- 
ing tlie top of the u resistance box ”), with sufficient room 
between them to admit of the insertion of stout well- 
fitting plugs of brass. Eig. 215 shows a complete resist- 
ance box, as fitted up for electrical testing, with the plugs 

* J.T ~ 1 ^ ~ ■J-'U -v-vl ti rra O i TI 111 



Fig. 214. 


current flows through, the solid brass pieces and plugs 
without encountering any serious resistance ; but when 
any plug is removed, the current . can only pass from the 
one brass piece to the other by traversing the coil thus 
thrown into circuit. The series of coils chosen is usually 
of the following numbers of ohms 7 resistance — 1, 2, 
2, 5; 10, 20, 20, 50; 100, 200, 200, 500; . . . up 
to 10,000 ohms. By pulling out one plug any one of 
these can be thrown into the circuit, and any desired 



whole number, up to 20,000, can be made up by pulling 
out more plugs; thus a resistance of 263 ohms will be 
made up as 200 + 50+10 + 2+1 by unplugging those 
five coils. 

It is usual to construct Wheatstone 5 s bridges with some 
balancing resistance coils in the arms A and C, as well as 
with a complete set in the arm B. The advantage of this 
arrangement is that by adjusting A and O we determine 


more complete scheme, in which resistances of 10, 100, 
ami 1000 ohms arc included in the anna A and (J. 

E.mmple. Suppose wo lmd n wire whose resistance wo 
know to bo between 40 and 47 ohms, and wished to 
measure tho fraction of an ohm, wo should insert it at 1), 
and make A 100 ohms and (• 10 ohms ; in that case 1> 
would bn balanced by a resistance in XJ 10 times as great 
as tho wire I>. If, on trial, this ho found to bo 404 ohms, 
wo know that D --- 4(M x 10-:- 10 0 — 40 '4 ohms. 

416. Other Patterns of Bridpro. -In }>rartioo the 
bridge, is seldom or never made in the: lozenge-shape of the 
diagrams. 

I'ant-Office Briihjv,— The resistance-box of Fig, 215 in, 
in itself, a complete “bridge” of the Posl-OlUa* pattern, 
the appropriate connexions being made by screws at 
various points. In using the bridge the battery circuit 
should always be completed by depressing the key Kj^ 
before the key K.j of the galvanometer circuit is depressed, 
in order to avoid the sudden violent “throw” of the 
galvanometer needle, which occurs on (dosing circuit in 
consequence of self-induction (Art. 458). ♦. 

Dial Iiridtje.~~ To avoid errors arising from tho differ- 
ent numbers of plugs in use, the coils of a bridge are 
sometimes arranged in dials the units in one, the tens 
of ohms in another, and so forth — each dial having but 
one plug, or a movable arm like Fig, 200. 

Mdre Bridtje . - This is a simple form very useful for 
measuring resistances not exeeeding a few hundred ohms. 
Upon a long hoard is stretched over a scale one metre 
long a uniform thin wire of UermateHilver or other alloy, 
its ends being joined to stout pieces of copper. A, B, (J, 
and 1 ) are four resistances joined as shown by stout strips 
of copper. When the wire from the galvanometer is slid 
along the wire to such a point that there is no current, it 
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ances of the circuit ; then add enough resistance r to 
bring down the deflexion to degrees — say 10 degrees 

less than before. Now substitute the standard battery in 
the circuit and adjust the resistances till the deflexion is 
as before, and then add enough resistance r' to bring 
down the deflexion to S 2 . Then 

r' : r — E' : E, 

since the resistances that will reduce the strength of the 
current equally will be proportional to the electromotive- 
forces. (Not recommended.) 

(b) Potentiometer Method . — If the poles of a standard 
battery are joined by a long thin wire, the potential will 
fall uniformly from the + to the - pole. Hence, by 



making contacts at one pole and at a point any desired 
distance along the wire, any desired proportional part of 
the whole electromotive-force can be taken. This pro- 
portional part may be balanced against the electromotive- 
force of any other battery as follows : — Let a uniform 
thin wire of platinoid or German-silver be stretched over 
a scale divided into say 2000 parts. Connect a Clark 
standard cell LC through a sensitive galvanometer, as 
shown in Eig. 218, to make contact at the 1434 division 
of the scale. Then connect a single accumulator cell 
B, or two Daniells, or a Grove cell with a sliding 
/lAvitouf and T-n/wa if nn arwl rlfmrn until fl. nninf 1R found 


nueh that tlm gnlvnnonj«*t«*r tdmw* that tlm t lark veil 
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tailor will null**- if tin* wirr to X h joim-d m hrtwrrn 
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(«*) Voltmrfa' JMVfA ml. If a i»!ilvan«»*iMiri* hi* ruu4rio*tt*d 
Ht» that this iwiHtuurr *»f it* n*iU in mavial thousand ohma 
(in comparison with which tin* internal rwiMimcn »«f a 
lottery or dynutuo nun-him* in imdgnifhant , it uillwmm 
to mrnmm* elect ruinotivt* force* ; fur tin* strength «*f current 
through it u ill depmd only t«u the electromotive, force 
Imtween tin* ends nf tlm roil, (Srn An. * ou Volt* 
me tors.) 

(d) t 'muimarr Mrthml, —A condenser of known capacity 
in di&rgitd from n standard cell, utni then di«<dmrgt*d 
through a hdlktic gnlvunometer (Art. SUB), Tlm cell to 
hr compared Is then mihstituted for tin* standard rtdh 
Tim E.M.F. is proportional to tlm throw of tlm galvamo 
meter, 

(r) EMmwrter Mrlhwl, Tlm rh*rtr«»mot,ivr*fot*tm of n 
buttery may ho nwinmmi directly iw a difference of 
potimtiak hy a ijumlmut electrometer. lit thin mm the 
circuit in never cloned, ami no current flown, 

417. Moiusurtnuimt of Zntarsml Htu»i«»t&»0o of 
0©ll8.— 1 Thin tuny hr done in several way it r 

(ft) thmlmmr Mtthwh A* in (d) of prom ling Article, 
ohnemt throw of galvanometer from condenser charged hy 
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rrawn urn reHiHiiuico m me nox uniu n. in wcu ny me. 
dutlcxiou that the current has been reduced to hall' 
what it wan, If this added resistance in called a, then 
hy Ohm’s law it follows that the internal rcBiatauce ia 
a ■ (11 *t (I), This method is suitable for very high 
internal resintancm 

(r) Method of imposition,- Take, two similar cells and 
join them in opposition to one another, ho that they 
send no current of their own. Tlum measure their 
united resistance just aa the renSHtance of a wire ia 
measured. The resistance of one cell will he. half that of 
the two, 

(d) Malice's Method.- - Place the cell itself in one 
arm of the. Wheatstone’s bridge, ami put a key where 
the battery usually is, adjust the resistances till the 
permanent galvanometer deflexion in the Hume whether 
the key he depressed or not. When thin condition 
of things in attained the battery resistance is balanced 
hy those of the other three arms. {Not a reliable 
method.) 

(e) Alternate Current Method, -At greater accuracy is 
required in the opposition method, the cells in opposition 
may he placed in one of the arms of a Wheatstone’s bridge 
in which instead of the usual battery is inserted the 
secondary coil of a small induction coil (without condenser), 
and with which a telephone receiver is used instead of a 
galvanometer. The ceasing of the buzzing in the telephone 
corresponds to md deflexion. By this means we avoid 
the disturbance of the balance of the opposing cells 
which occurs if continuous currents are used. This 
method is also excellent for measuring resistances of 
liquids. 

418. Mmimmvmcmt of Capacity. —The capacity 
of a condenser maybe measured by comparing it with the 
capacity t»f a standard condenser — muh as the J micro- 
farad condenser (Fig. 15U)-~in one of the following 
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resistances so tliat there is no deflexion on charge or dis- 
charge (Fig. 219). Then K 2 : K 2 :: :r v the larger capacity 
acting as a smaller resistance. 

(cl) Potential-divider nul Method . — Two resistances and 
9*2 are joined in series to the -f- and — poles of a battery. 
The middle point between r 1 and r 2 is connected to one 
of the terminals of K 1 and also of K 2 . The free terminals 



of K x and K 2 are momentarily joined to the + and — 
poles of the battery respectively and receive charges of 
opposite sign. They are then connected ; and if of equal 
amount the charges will neutralize each other. The 
resistances r x and r 2 are adjusted until this condition is 
satisfied, as shown by nul deflexion when the key of a 
galvanometer circuit across their terminals is depressed. 
Then K x : K 2 : : r 2 : r v 

(e) Tuning-fork Method . — A tuning-fork acting as a 
vibrating two-way switch charges and discharges the con- 
denser n times per second, allowing to pass YIO& coulombs 
per second or YKn amperes. The apparent resistance r 
of this combination is 1/K n, and can be measured by a 
Wheatstone bridge, whence K== 1 /nr. 

(/) Loss of Charge Method. — This is the same as the last 
method in Art. 411c, a known high resistance being used. 
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metals the junction is either heated or cooled, according 
to the direction of the current. Thus a current which 
passes through a bismuth-antimony pair in the direction 
from bismuth to antimony absorbs heat in passing the 
junction of these metals, and cools it; whereas, if the 
current flow from antimony to bismuth across the 
junction it evolves heat, and the junction rises in 
temperature. It is clear that if bismuth is positive with 
respect to antimony, any current that may be caused to 
flow from bismuth to antimony is aided by the electro- 
motive force at that junction ; whilst any current flowing 
from antimony to bismuth will meet with an opposing 
electromotive-force. In the latter case the current will do 


B A •*— B 



Pig. 220. 


work and heat the junction ; in the former the current 
will receive energy at the expense of the junction, which 
will give up heat. In Tig. 220, the feathered arrows at 
the junctions represent the Peltier electromotive -forces, 
and the plain arrows the direction of the current. 

This phenomenon of heating (or cooling) by a current, 
where it crosses the junction of two dissimilar metals 
(known as the £< Peltier effect,” to distinguish it from the 
ordinary heating of a circuit where it offers a resistance 
to the current, which is sometimes called the “ Joule 
effect ”), is utterly different from the evolution of heat in 
a conductor of high resistance, for (a) the Peltier effect 
is reversible ; the current heating or cooling the junction 
according to its direction, whereas a current meeting with 
resistance in a thin wire heats it in whichever direction 
it flows ; and ( b ) the amount of heat evolved or absorbed 
in the Peltier effect is proportional simply to the current, 
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(i.) The thermo-electromotive-force is, for the same pair of 
metals, proportional (through, limited ranges of 
temperature) to the excess of temperature of the 
junction over the rest of the circuit. 

(ii.) The total thermo-electromotive-force in a circuit is the 
algebraic sum of all the separate thermo-electromotive- 
forces in the various parts. 

It follows from this law that the various metals can be 
arranged, as Seebeck found, in a series, according to their 
thermo-electric power, each one in the series being thermo- 
electrically positive (as bismuth is to antimony) toward 
one lower down. 

422. Thermo-electric Power. — In the following 
table is shown the thermo-electric series of metals, together 
with the thermo-electric power of each when cold. The' 
term thermo-electric power of a metal means the electro- 
motive-force per degree (centig.) for a pair made of that 
metal with the standard metal (lead). In the table the 
numbers are microvolts per degree. 

+ Bismuth . . . . 89 to 97 

Nickel .... 22 

German-silver . . . 11*75 

Lead . 0 

Platinum . . . — 0*9 

Copper . . . - 1*36 

Zinc ... — 2*3 

Iron .... -17*5 

— Antimony . . . - 22*6 to - 26*4 

Tellurium . . . 502 

Selenium . . . 800 

A very small amount of impurity may make a great 
difference in the thermo-electric power of a metal, and 
some alloys, and some of the metallic sulphides, as galena, 
exhibit extreme thermo-electric power. 

The electromotive-forces due to heating single pairs 
of metals are very small indeed. If the junction of a 
copper-iron pair he raised 1° C. above the rest of the 


Thai of t hi* more powerful hmmulh antimony pair in fur 
1' { % ahutti { 1 7 microvolt *, Thermo electric power 
varies, h<mr\vr, with temperature : for example, that of 
iron m lVitHy 17 o l O’tMW i where t in tin* mean tem- 
perature of tin* two junctions », iron becoming l«w nega- 
tive when hut, ih i lMl hemming 

more tiegat i vr, Tin tv Will be obvioudy otu* particular 
tempers! am ur pun* /, at which their powers will 

he npinh 

423, Th^rmo-t 4 ootrio Invention. Cumming dis- 
covered that in the cum* of iron and other metals an 


inversion of ilnur thermo elc-trie properties may take 
place at a high temperature, In the nun* of the copper* 
iron pair the t» u*|»ernlure ot ^ 7 *» " in u neutral point; 
1m* h»w that temperature tin* enrivnt flow* through the 
hotter junction from the copper to the iron ; hut when 
the circuit in above that temperature iron in thermo* 
electrically positive to copper. The neutral point for a 
zinc iron pair U about sit Mb, The inversion in easily 
shown hv heating the junction of two long strips of these 



metab, riveted together in a 
V dorm, ami watching the effect 
on a galvanometer connected to 
their other ends, There will 
at tir*t he a deflexion which 
will go on increasing until the 
temperature of goo" \h attained, 
hut on further heating the junc- 
tion the deflexion d twin idles and 


nt about 400' reverses the cur* 


rent flowing the other way. Fig. ?!:££ shows graphically 
the curves obtained with iron-zinc and iron-copper jrnirs 
when one junction m kept at u while the other is heated. 
The dotted line $* for tin* iron zin** pair when one junction 

1« tfent at. fiO - ninl llit» ullinr 


grams suggested by Lord Kelvin and constructed by 
Professor Tail. In that given in Fig. 223 the horizontal 
divisions represent the temperatures ; the vertical dis- 
tances indicating the thermo-electric power, in microvolts 
per degree, These powers are measured with respect to 
the metal lead, which is taken as the standard of zero at 
all temperatures, because, while with other metals there 



Fig. 22a. 


appears to be a difference of potentials between the motel 
hot and the same metal cold, hot lead brought into 
contact with cold lead shows no perceptible thermo 
electric, difference. 

An example will illustrate the usefulness of the dla* 
gram, bet a circuit he made by uniting at both ends a 
piece of iron and a piece of copper ; and let the two 
Junctions be kent at O'* and 100° resneetivelv bv xnelthm 



r;V u t i l 


111*’ f 4 op*» of fin* llltri t‘»r th»* tiletal* IVJMH’HrUtH 

tin* property refctivd t»* ahov*% * *1 an elort rotut »t i w force 
between d stlercnl ly - heated |« *| t u *11 * < »! | he mine metal 
accompanied by an nb^rpt mu or *-Vt *lttt i« »ti of heat when 
fhi’ ninvitt ftuHi n hotter l»* a i , nM» , r portion of the 

hiuuc metal. TUvi riled, known an the Thomnon ®ffnot 
from »l» »Ii»*r.iv«-r»T Sir W, Thomo.n dead Kelvin), 
opposite 111 ii'Mit I** what it i » m *■ -MpjMT nr /iue. ( upper 
when h < 4 i» im * 4 l i\r compared with copper that in cold. 
Hence if a i‘urivnt in «iit hem a h > 4 t»* a mid part of a 
piece of rnj*|H*r it ctieiiunter* at* opposing electromotive 
force, I !i*u»*«* when a ruro-nt of electricity tl«<wa from a 
hot to a n»!.| point in copper it evolve* hrat ; and it 
alwMthn teal wln ii it flow a from a roll point to a hot 
point in the n.pprr, !ti iron a current flowing from a 
hot point to a c*»ld point f»h«nrbn heat. 

The thmno idcctrouintiVc force of a pair, of which 
the jum HoiiH arc at temperatures T and f respectively* 
and of which n a the tetii|M*raltire «*f the neutral point* 
may he conveniently expressed b\ tin* following formula I--* 


where p i« the vi»U» per degree mi t*“) ie 4 given in the 
table t Art. 

426, Thurmtwttootrlo Pilau, —The electromotive-’ 
force of n bismuth antimony pair, win it the junctioun mv 
kept »t 0“ and l (10 ", in only 0*fU I f» volt, In order to 
inrmu** the electromotive force of thermo electric jwura 
it in umutl to join a utmtWr of pair* of metala {preferably 
hUmuth me! imtimonyj in series, but m* bent that the 
uiiifmitf- junct into* can be heated m »)***wn in Pig. 224 at 
BBB, wdiilnt the other mt AAA me kept cool, The 
viiriou* electromotive then nil net in the mmw 


galena battery of 1 20 pairs affording a strong current ; 
but it is extremely difficult to maintain tbem in effective 
action for long, as they fail after continued use, probably 
owing to a permanent molecular change at the junctions. 
In the hands of Melloni the thermo-electric pile or ther- 
mopile, constructed of many small pairs of antimony 
and bismuth united in a compact form, proved an ex- 
cellent electrical thermometer when used in conjunction 
with a sensitive short-coil astatic galvanometer. For the 



detection of excessively small differences of temperature 
the thermopile is an invaluable instrument, the currents 
being proportional to the difference of temperature 
between the hotter set of junctions on one face of the 
thermopile and the cooler set on the other face. The 
arrangement of a thermopile with the old astatic galvano- 
meter is shown in Fig. 225. 

A still more sensitive arrangement for detecting 
minute heating due to radiation consists in suspending 
between the poles of a powerful magnet a closed circuit 



jmlwt of a magnet the mil in Fig, l sill) I inn it* eircui 
cloftf*! at it* lower md by a piwt» of antimony ami 
picas of bismuth («r alloy* of them* metal*} nftbtiwl to 
minuto dink of copper foil A rim* of teififwratttfe of lit 
copper foil even no nximll a* tnw millionth of a degree wil 
generate a currant in the loop am! give a deflexion nvc 
erne division of the *caK With an Imtrmmnt of thi 
kind the radiant heat of a mm Ho mn I m detected at 
distance of two util*. 


CHAPTER VIII 


heat, power, and light, from electric currents 
Lesson XXXVI. — Heating Effects of Currents 

426. Heat and Resistance. — A current may do 
work of various kinds, chemical, magnetic, mechanical, 
and thermal. In every case where a current does work 
that work is done by the expenditure of part of the 
energy of the current. We have seen that, by the law of 
Ohm, the current produced by a given battery is dimin- 
ished in strength by anything that increases the external 
resistance. But the current may be diminished, in 
certain cases, by another cause, namely, the setting up 
of an opposing electromotive-force at some point of the 
circuit. Thus, in passing a current through an electro- 
lytic cell (Art. 237) there is a diminution due to the 
opposing electromotive-force (“polarization”) which is 
generated while the chemical work is being done. So, 
again, when a current is used to drive an electric motor 
(Art. 443), the rotation of the motor will itself generate 
a back E.M.F., which will diminish the current. What- 
ever current is, however, not expended in this way in 
external work is frittered, down into heat, either in the 



circular railway should go round for ever if it were not 
stopped by friction. When matter in motion is stopped 
by friction the energy of its motion is frittered down by 
the friction into heat. When electricity in motion is 
stopped by resistance the energy of its how is frittered 
down by the resistance into heat. Heat, in fact, appears 
wherever the circuit offers a resistance to the current. 
If the terminals of a battery be joined by a short thick 
wire of small resistance, most of the heat will be de- 
veloped in the battery and so wasted ; whereas, if a thin 
wire of relatively considerable resistance be interposed in 
the outer circuit, it will grow hot, while the battery itself 
will remain comparatively cool. 

427. Laws of Development of Heat: Joule’s 
Law. — To investigate the development of heat by a 

current, Joule and Lenz 
used instruments on the 
principle shown in Fig. 
226. A thin wire joined 
to two stout conductors is 
enclosed within a glass 
vessel containing alcohol, 
into which also a ther- 
mometer dips. The resist- 
ance of the wire being 
known, its relation to the 
other resistances can be 
calculated. Joule found 
that the number of units 
of heat developed in a conductor is proportional — 

(i.) to its resistance ; 

(ii.) to the square of the strength of the current ; 
and 

(iii.) to the time that the current lasts. 

The equation expressing these relations is known as 



t’UAi*. VI n JOXJLFAS LAW 437 


whore 0 in the current in amperes, Tt the resistance in 
oh ms, t the time in seconds, and U the heat in, calories ; 
one calorie being the amount of heat that will raise 
1, gramme of water through 1" 0. of temperature 
(Art 281). 

This equation is equivalent to the statement that a 
current of one ampere jlowimj thrmujh a resistance of one 
ohm (level ops therein 0*24 calories per second. The proof 
of this rule is given in Art.. 430. The heat produced 
thus by the degradation of energy in a resistance is 
HomothueH called the “ohmic” heat to distinguish it 
from the reversible Peltier effect (Art. 420). 

The electric unit of heat, the joule, is only 0*24 of an 
ordinary heat-unit or calorie , and 1 calorie will he equal 
to 4*2 joules. 

The second of the above laws, that, the heat is, calm's 
paribus, proportional to the square of the strength of the 
current, often puzzles young students, who expect the 
bent to lie proportional to the current simply. Such 
may remember that the consumption of zinc is, eastern 
paribus , also proportional to the square of the current ; 
for, suppose that in working through a high resistance 
(so as to get all the heat developed outside the battery) 
we double the current by doubling the number of battery 
culls, there will he twice as much zinc consumed as before 
in each cell, and as there are twice as many cells as at 
first the consumption of zinc is four Hines as great as 
before. 

428. Favro’e Experiments. Pawn made a series of most 
important experiments on the relation of the energy of a current 
to the heat it develops, lie ascertained that the number of 
cilleries evolved when 33 grammes (1 equivalent) of zinc are 
dissolved in dilute sulphuric acid (from which it causes hydrogen 



lilt same in*trum*nt, the elution *»f thin ntiumut of imr wm 
ohfturvwl to lw nrwitu)»aiut't| b> the rv*4ulu»H of 1^4*4 c»I«»Hw 
(f,«\ nu nttimml almost i*-at with that ohwrvrit mu l 

this ii mount w*» the naiur whelhrr the evolution took yUei’ in the 
buttery -eel I wUvn the *m*uit »<w * with u short tht'k win*, 

or whether it t«»ok |4a**r» in a b»ng thin win* j4ft**r4 m the entenml 
olri nit, Ho thru iirriinge4 f* Huim'x mil* in sri l*vi, in nmtie* of 
the ettlorimeler, uint sent their nuiciit omml a small ehvtiir 
motor. The iitmmni of hr at ev»4ve4 timing the solution of JUf 
gramme* of line w».« thru «»Wrvr4 in threw riv»*v» : oj when the 
motor win* nt ml; |ii. ) when the motor running ioun«t nmt 
lining tin work l*eynint overeonunif the frh tn*n «»f it* |>ivol* , tut,) 
whim the motor tp emj4*»ye*l In *h»mg I !l, T4 huuu gram me* 
millimetre* ( t*2»H7t \ 1 0* mja l of w«*rk, hy tailing a Wright by 

i* ronl running over h pulley. The amount* of heat evolvent In 
the rireuil In the three eases were r«n|H>etivrly, 1 H.tUl#, !M f iir*7» 
Hfifl |8,H74 rulorie* In the last l aw the Work done n.vmiut* fof 
the diminution in the heat wanted in the eitrnU, If we at hi fltti 
hwt*«juivft|eut of the work done to the heat evolve* I in the latter 
CUftft* wo ought to get the name value m Itefore, lUvitllug the 
1 # 2*S74 x 10* rf|/j* of work hy dmtle** equivalent (4*2 * Iff?, we got 
m the huftt equivalent of the work d«tw StOtl entoriM. Now 
18,374 4* 308 lft,3H0.» quantity wht.U U ahumt Mimtiml with 
that of the ft nit oWirvation, and quite within the limits uf 
unavoidable «X]wriUi«nUl error. 

429. Elftwt of Tomporaturo, The Hewitt iuit *»f 
ton>|H«mtuni in » iw*i*ting wire on tho nainr# uf 

tint runifttitmu?, A very utio rl length *d n very t Itm wiitt 
may nwkt j u«t iw inueh «* n hutg length of *t«mt wire. 
Bitch will i'Mtmt the aamn immUw of uuiU of h«mt to \m 
avolvwlj hut in the former m*»% tw tin? limit k #q*rnt, in 
warming a abort thin wire of amitll tnn^, ft will get wry 
hot, wherw in the latter earn* it will j«wlui|»a only warm 
k> an im|K?mqitihIn degree the iwm of the long thiek 
wire, whieli, moreover, haa a larger mtvfam to got riil of 
Jta heat. If the win* weigh w gram men, ami have a 
apcifk eiijimity for heat n, then V *.■ mrtf t where 0 m the 
riiti of tempemture ill degree* (tiitiiigrivleh llotieo if 

VIAIUI nf f.ItJfc Itattf, » WH w 


Since tlie resistance of metals increases as they rise in 
temperature, a thin wire heated by the current will resist 
more, and grow hotter and hotter until its rate of loss of 
heat by conduction and radiation into the surrounding air 
equals the rate at which heat is supplied by the current 

The following pretty experiment illustrates the laws 
of heating. The current from a few cells is sent through 
a chain made of alternate links of silver and platinum 
wires. The platinum links glow red-hot while the silver 
links remain comparatively cool. The explanation is 
that the specific resistance of platinum is about six times 
that of silver, and its capacity for heat about half as 
great ; hence the rise of temperature in wires of equal 
thickness traversed by the same current is roughly twelve 
times os great for platinum as for silver. 

Thin wires heat much more rapidly than thick, the 
rim of temperature in different 'part# of the same wire 
(carrying the same current) would he, for different, thick- 
nesses, inversely proportional to the fourth power of the 
diameter $ if they had equal surfaces for radiation. 

Thus, suppose a wire at any point to become reduced 
to half its diameter, the cross-section will have an area 
| as great as in the thicker part. The resistance here 
will be 4 times as great, and the number of heat units 
developed will be 4 times as great as in an equal length 
of the thicker wire, hut 4 times the amount of heat 
spent on J the amount of metal would warm it to a 
degree 10 times as great : and the thin wire has only half 
m much surface for getting rid of heat But the hotter a 
body becomes the more freely does it radiate bent to things 
around it. For wires of given material, the current 
needed to raise them to an equal temperature varies as 
the square root of the cube of the diameter. This law 
applies to the. sizes of wires xised as mtfehjffum in electric 
liuhtimr. These are nieces of tin wire intemmed in the 


430 , Oardctw'ii VoUtnotor. Tin* nirnnf fhnvs'ng 
through a l»*u^ I Ihii \x i rr »*f |*a i»f i its* m %* Inn if \n iindr ft* 
mUll* - * t I tt>* |»*u til ^ on a rifvtlt! Will iiiriyii j|v 
1 1 ill*’ «|»ll* r* II* «* brtWrrtj fh **?»<* f Wu 

| ** *i ul **. Owim* In it i hmijjjing wnrutrd it 

! will * \i -and, a i s I sl.n r*|mn nut may hr nutdr 

! I i IJidVl* II llalul MVVf it *1*1*1 *,'* *1* ! t!H,t X-* I t«* 


*V, 


1A 

<7 


fra* I vm 1 |.m Fh‘. i! ;*7 , 

431, Blind, r hi Onutory l*W nurgirat 

H H thin itltltii wi!c, hrafrui jTrd 
hot hv a run* lit, in wimi t iftir* tun ‘4 t 
tif u kail**, a.*, h»i* v uitt \ |*!*\ in tin* * *j *•* tutl i «*n 
uf amputating tin* t*mgnr 1 * <r rnllirr, 

1 ‘hltiuutu is i’httM«‘U MU Hm mIIIi! nf j|*t tuftini 

1 *il it y, hut 4i\vn platinum \wrm iu»* fn *•»**! hv 
thu current if t*«< *tr*»ng < %*rl^ »u ahum, «*tf 
< umlu»*lMra, t-mUt* fmd<>n, 

433, Blniitimr by Btorttrtoity. - lit 
mumMptrnrn «*f t li«* h«*nf mg ufthrtn t 
1 ’lm‘ti i* it v an hr applied in binding and 
milling t*‘ ignite l hr rhurpr**. StilUl run 
tin* ting wire* utr rarrinl fr*»m utt nupwptmte 
hiitfrrv at a «ii«tnn*‘r l*» n /ii;-.r t in 

which a very thin platinum wn** h *! m I hr circuit. 
Thin wire grtn h**t when th** current flown, him I hr mg 
laid am hint ait tuudl v mmhud *h!e fiithdam r t»* nerve 
m n priming* iguiUm thi* and win fir** f«* the charge 
uf ffU!ijniWi)t*f* IWjHnlwni ran thu* In* exploded 
Wntfith thn water* and tit anv d**mrr«l dsdam-e fr*»nt 
Urn blit tel' V. 

433, Blootrto WoUlhiff, ~~ tf two wiir* *»r r««|« of 
metal urn hrhl together with *utlh »«*nt force while it wry 
large current is pn**ed through them, mm h heat t« 
dtsYfdttlmt nt tin* juurtinn, m that they n*»f!rn and heroine 

#1 t It «*•* J««’t t*t«t fcfSttta&J***** *3*. if I «. .ion .***«• !,! < k ttt feft &«.** 
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produce currents of many hundred amperes at a pressure 
of a few volts. 

A singular effect is noticed when two iron rods 
connected to the poles of a powerful source at 50 or 
more volts are dipped into water. The rod which serves 
as kathode is observed to be covered with a luminous 
layer, and it presently becomes red-hot. Guthrie, who 
first investigated this phenomenon in 1876, ascribed the 
heating to the resistance of a film of hydrogen. Recently 
it has been made the basis of a welding method. 

434. Electric Cooking. — Since public supplies of 
electricity became common, electric stoves, ovens, and 
heaters for cooking, stewing, etc., have become articles of 
commerce. The heating is effected by passing currents 
through resistance wires embedded in cement or other 
suitable insulating material. 


Lesson XXXVII . — Electric Energy : its Supply and 
Measurement 

435. Electric Energy. — An electric current con- 
veys energy from a battery or dynamo to some other 
part of tlie circuit, where it is transformed back into 
work,—- mechanical, chemical, or thermal work. We 
must inquire into this electrical energy, and into the 
rate at which it is generated or transformed. 

Power is the rate at which energy is being received or 
spent. It may be expressed in foot-pounds per second 
or in ergs per second. James Watt considered a horse 
capable on the average of working at the rate of 550 foot- 
pounds per second (against gravity). As 1 foot = 30*48 
centimetres, and the force of 1 lb. (=453*6 grammes x 981) 
= 445,000 dynes nearly, it follows that 1 horse-power is 
worth 7,460,000,000 (or 746 x 10 7 ) ergs per second . 

If a quantity of electricity Q is moved through a 



(Art, sltilt | that the wmk dmm » * t «jual t»» y V. If this 
i« occurring itt a kifiery »*r dynamo, y V rej»rewnt« 
rler trimlly the work (chi'Uitrct! or luerhaiuml) d<me mi 
the MV » trill* or the energy iwnvrd urkrtrirully) hy the 
MV-friii, uiii|»jHi?»r thk o|*mitioM SU» have *»eru|»ie«j 

time f, f hr nifc at which the eli» igy M hiring imparted tc 
the «i! i’uit Hill !*• yV t, Hul (Art, Ul"I‘ y t t *, Ilmw 

tilt? |UMtvi* git ell t*» l l»r rimiit *#* to t'\ , 

ThU ju 4ilk«* the fttatcliselit that th* jw*»»yr i*f on rkiiru 
eurmti t«» |H?rh»rm useful work, whether tit lighting, 
heiiting* or producing m< < hunical action?*, m jo^mifama 
Imth tu thr M rrnyth <»/ th< v uncut t owl t«» fJW fUt'tnonvtHH)' 
ftOYf ii '/i*VA tlnifM it. Ill other Word*** jtMiiiw ii pro- 
jHirtiotm! t«» huth amperes* and volu jointly, Similarly 
thr jMiwrr of ii f*t«'4iui engine k |*r«»jM»ili»»iiai not only t* 
thr ijuiiutity of 4«un it n#ej* t hut nW» to the }irt’*MUrtt ill 
which thr MtcAiu fa impplbd, Tim ekrfrte unit of powei 
will thru \m the j*»wrr of a current of 1 intt$icre driver 
hy nit electric jinwuiv of I volt. Thin mitt fa known 

m I Volt Jiiii or I mitt, 

I volt •- Uf ahwdute unit > of RM.F, (Art, 354 
nml 1 ampere to 1 nkutut* unit* of current (Art, 354) 
it follow* that I watt*** Hh nk*4ute unit* of $*ower (if 
l if vrg® jwr wuruiult. Hut I hm »«? j***wrr 74tl w 10* 
erg* jwr Herout! (mi akiVe), I Inter I H, I*. 7 4tl Wi-lttw 

One thoiiMaiui Wat tn In railed I kiUnmtf, The kilo 
watt fa therefor* approritiuitidy l| H,l\ 

To find the xmtttU»r of watt* of j*ower supplied hy ain 
dynamo or kiitery, multiply the nuttikr of ntti|wrw o 
current hy the nuinlwr of Volta at which the current h 
driven. The mmu* rule m*tvm to mlciikt* the ftowtsi 
rivet rind ly delivered to any motor, ktii|i* sienttinttlator 
or other iiwust* of Mjumding idn trie energy, 

1 IcirHto|«iw*r « C k V 4 - 7 4 i, 


438. Intake and Output of Power.— At any 
generator battery, dynamo, or thermopile, power is taken* 
in to the (dec, trie circuit. At any motor or lamp, or at 
any part in the circuit where chemical work (electro- 
plating, decomposing gases, or charging accumulators) is 
being done or at any place, where, heat is being evolved, 
power h being given out by the. electric circuit. At 
every place where energy is coming in to the circuit 
there will be an tdec.tromotive-forcc in the name directum 
m the current, and helping to drive it.. At every part 
where energy is being given out by the circuit there will 
be an electromotive- force in a direction opposed to the 
current.* Thu word output,^ as applied to dynamos, etc., 
means the number of watts or kilowatts which the 


machine supplies or can supply. For example, a dynamo 

capable of supplying 300 am- h r ) 

peres “at” loo volts (meaning \it* 

with an available E.M.P. of 100 . 

volts) is said to have an output. \ '• 

of 30 kilowatts. (V) 

437. Power - Measure- ‘ 7 ^ 

ment.— To measure the power I j 

given elcetrically to any part ah 

of a circuit by an unvarying 4 — C aX -j-J 

current, it sufllces to measure m 

the current with at), ampere-mder 

(Art, 22 1), and the ))otentials across the part with a 
voltmeter (Arts. 220, 290), the latter being of course con- 


« (roUMlilrr the mechanical analogue of tranamiHHion of power from one 
pulley to another pulley by a bolt. Tim effort In the driving pulley i« 
iu tin* name direction its the motion of the tmlL. The effort in the driven 
pulley in opjtmmd in direction to the motion, (Bee also Art. 248.) 

•Hift* fundamental principle accounts for the back-eleetromotive-forces 
observed in motora, laid in accumulator*! while being charged. U«caune 
it we know (Art. ten) that Urn neat of the main (dectromotive-foree In a 
viiltAh' c»*U la At. the surface of thn sslnc, and that (Art. 422) btoinutli is 



nected as a shunt as in Pig. 228. The product of volts 
and amperes gives the watts. Or a wattmeter may be 
used as below. 



Fig. 229. 


438. Wattmeters. — The product of amperes and 
volts may be measured directly by means of a wattmeter. 
This name is given to a variety of electrodynamometer 
(Art. 394) in which the fixed and movable coils constitute 
two separate circuits, one being a thick wire of low resist- 

} y ance to carry the amperes , the 

other being, or including, a 
thin wire of high resistance (as 
in voltmeters) to receive a cur- 
rent proportional to the volts. 
The latter circuit is to be con- 
nected as a shunt to the part 
ab of the circuit in which the 
supplied power is to be 
measured. In Fig. 229, as in 
Fig. 228, the part ab is an arc- 
lamp. The auxiliary resistance r is introduced into the 
thin-wire circuit of the instrument, the whole current 
flowing through the thick- wire circuit. 

Wattmeters are made both on the pattern of Siemens’s 
dynamometer (Art. 395) and on that of Kelvin’s balances 
(Art. 396). 

When power - measurements have to be made on 
alternate-current circuits, separate instruments must not 
be used, as in Art. 437, to measure volts and amperes. 
For, owing to the differences of phase (Art. 472) between 
voltage and current, the apparent watts, got by multi- 
plying the separate readings, will be in excess of the true 
watts as measured by a wattmeter. 

439. Power wasted in Heating. — If a current C 
is driven through a resistance F, the volts needed will 
(by Olim’s law) be y __ ^ 



Substitute for V its value as above, and we bave 

Watts wasted = CY = C 2 R = Y 2 /R. 

Or, if the expenditure goes on for t seconds, the amount 
of energy turned into heat (joules) will be 

Energy = Q Y = CtV = C 2 Ri 

The nett power of a dynamo or battery is always less 
than its gross power, because of internal resistance. If r 
be the internal resistance, and E the whole electromotive- 
force, the nett or available volts Y = E — Cr. The gross 
power will be EC watts. But the nett power will be 
YC =s EC — C 2 r. Or, the available watts equal the total 
watts generated, less the watts wasted in internal 
heating. 

To prove Joule’s law of heating as given in Art. 427, it may he 
remembered that the mechanical equivalent of heat is 42 million 
ergs to 1 calorie (Joule’s equivalent), or W=JU, where W is the 
work in ergs, U the heat in calories, and J = 4*2xl0 7 . Hence 
XJ = C 2 Rt/J. But to reduce the work to ergs we must multiply 
C 2 K t by 10 7 ; whence U=C 2 R* x 0*24. 

440. Distribution of Electric Energy. — Electric 
energy is now distributed on a large scale for lighting, 
motive power, and heating. Large Central Stations or 
Power-houses are erected at convenient spots, with steam- 
engines or turbines (if water-power is available) to drive 
generating machinery (dynamos and alternators). From 
the power-house distributing mains of copper go out, con- 
sisting of feeders leading into the network of conductors 
that runs from house to house. 

Supply systems may be classified according to whether 
they operate at a loio voltage (or low pressure), i.e. from 
100 volts (or under) to 300 volts ; high voltage , i.e. from 
300 to 3000 volts ; or extra high voltage , over 3000 
volts. The low-voltage systems generally use continuous 
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of it is passed through an electrolytic cell, there to 
deposit copper (Edison’s method) or dissolve zinc 
(Jehl’s improved Edison). The amount of chemical 
action is proportional to the ampere-hours. 

(I b ) Integrating Meters . — A uniformly-going clock drives 
a counting apparatus through an intermediate gear 
operated^ by the current (or by the watts), this 
intermediate gear being such that when current is 
small counting is small, when current large count- 
ing is large. An integrating disk-and-roller, or 
an integrating cam, is a usual mechanism, its 
operation being controlled by the motion of an 
ampere-meter or wattmeter. 

(c) Motor Meters . — If the current passes through the 
armature of a small motor (Art. 443) having a con- 
stant field, and having its speed controlled purely 
by fluid friction (by a fan) or by eddy-current 
friction (in a copper conductor revolving between 
magnet poles, Art. 457), its speed will at every 
instant be proportional to the current. Hence 
such a motor attached to a suitable counting-train 
of wheels will serve as a meter, the total number 
of revolutions being proportional to the ampere- 
hours. In Perry’s meter ( 1 8 9 3) the revolving part 
is a copper bell immersed in mercury, revolving 
around a central magnet pole (as the wire does in 
Eig. 201), and surrounded by an external S-pole 
with ribbed projections to promote eddy-currents. 
In Shallenbergetis meter for alternate currents 
the motor drives a fan. In Elihu Thomson’s 
meter, which records the watt-hours, the revolving 
armature is of fine wire and high resistance, con- 
nected as shunt, while the fixed coils that serve as 
field-magnet take the whole current supplied. So 
the torque is proportional to the watts ; while a 
copper disk revolving between magnet poles, by its 



(d) Retarded Clocks . — Current may be made to act 
upon the rate of a clock, by flowing in a coil 
under the pendulum bob if the latter is a magnet. 
Any force added thus to gravity or subtracted 
from it will cause the clock to gain or lose. 
Ayrton and Perry proposed to measure the supply 
by the total time gained or lost by a clock. In 
Aron’s meter, of which this is the principle, there 
is a double clock with two pendulums, only one 
of which is acted on by the current. A train of 
counting wheels is geared to record the difference 
between the two. 

Lesson XXXVIII . — Electric Motors (Electromagnetic 
Engines) 

443. Electric Motors. — Electromagnetic engines, 
or motors , are machines in which the motive power is 
derived from electric currents by means of their electro- 
magnetic action. In 1821 Faraday showed a simple case 
(Art. 393) of rotation produced between a magnet and a 
current of electricity. Barlow produced rotation in a 
star-wheel, and Sturgeon in a copper disk, when traversed 
radially by a current while placed between the poles of 
a horse-shoe magnet. In 1831 Henry, and in 1833 
Ritchie, constructed small engines producing rotation by 
electromagnetic means. Fig. 230 shows a modification 
of Ritchie’s motor. An electromagnet DC is poised upon 
a vertical axis between the poles of a fixed magnet (or 
electromagnet) SN. A current, generated by a suitable 
battery, is carried by wires which terminate in two 
mercury- cups, A, B, into which dip the ends of the coil 
of the movable electromagnet CD. When a current 
traverses the coil of CD it turns so as to set itself in the 



to the opposite, so that, at the moment when C approaches 
S, the current in CD is reversed, and C is repelled from 
S and attracted round to N, the current through CD 
being thus reversed every half turn. In larger motors 
the mercury-cup arrangement is replaced by a commutator 
(devised by Sturgeon), consisting of a copper tube, slit 
into two or more parts, and 
touched at opposite points by 
a pair of metallic springs or 
“ brushes ” 

In another early form of 
motor, devised by Froment, 
bars of iron fixed upon the 
circumference of a rotating 
cylinder are attracted up to- 
wards an electromagnet, in 
which the current is automati- 
cally broken at the instant 
when each bar has come close 
up to its poles. In a third 
kind, an electromagnet is made 
to attract a piece of soft iron 
alternately up and down, with 
a motion like the piston of a 
steam-engine, which is con- 
verted by a crank into a rotatory motion. In these cases 
the difficulty occurs that, as the attraction of an electro- 
magnet falls off rapidly at a distance from its poles, the 
attracting force can only produce effective motion through 
very small range. Page from 1838 to 1850 designed 
various motors, in some of which iron plungers were 
sucked into hollow tubular coils of wire in which currents 
were caused to circulate at recurring intervals. 

In 1839 Jacobi propelled a boat along the river Neva 
at the rate of miles per hour with an electromagnetic 



Fig. 230. 
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(watts) imparted to the armature are 

OK 


where n in revolutions per second, T the torque, and a a 
coefficient depending on the units chosen. 

If the armature current in supplied from mains at con- 
stant voltage, strengthening the magnetic Held has the 
ell cut of slowing speed, for equal power ; and weakening 
the held quickens the speed. Alternate-current motors 
are described in Arts. 4 8*1, to 480. 

445. Efficiency of Motors.— If an ampere-meter 
he included in the circuit with a battery and a motor, it 
is found that the current is weaker when the motor is 
working than when the motor is standing still, and that 
the faster the motor runs the weaker does the current 
become. This is due to the. E.M.E. generated in the 
revolving armature of the. motor, which necessarily (Art 
430) opposes the current. If the motor only exerts a 
small hack eUwtronmUve-forco it cannot xitilizo much of the 


power of the current. If V bo the volts at which the 
current is supplied, and E the counter-clectromotive-foree 
generated hy the motor, and <J the current, then VO » 
gross power supplied, KO *» nett power utilized; and 
dividing the latter hy former we get, as the electrical 

E 

efficiency of the motor*, the ratio * 


Emmph'*— HuppoHft V - 100 volts and E = 90 volts, tho 
dllchmey will he 90 per cent. 


To make the eflieieney as high as possible the. motor 
should he so arranged (<dther hy strengthening its mag- 
netic Held, or by lotting it run faster) that E is very 
nearly equal to V. In that ease the motor will utilize 
nearly all the energy that (lows to it But since, hy 
Ohm’s law, the current is ^ (V-E )/r, where r is the 
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Fig. 231. 


a small fraction of what it would be if the motor were at 
rest. The diagram (Fig. 231) makes the matter plainer. 
Let the line OY represent by its length the volts of 
supply V, and let OE represent the volts generated in 
the armature, proportional to speed and to field. On 
OV describe the square OYWX, and 
draw the diagonal and the lines EH, 
KL. Then the area EYWH is pro- 
portional to the gross power, being 
V(Y — E), and area GLXH is propor- 
tional to the nett power, being 
E(V - E). These two areas become 
more nearly equal, though both be- 
come small, when E is increased to 
be nearly equal to Y. The area 
GLXH, the nett output of the motor, is a maximum when 
E = JY ; but then the efficiency would be only 50 per 
cent. 

The fact that when E is small the current is enormous 
is of great advantage in the starting of motors ; for at 
starting the great rush of current (which would destroy 
them if it lasted) produces a great torque, and the motoi 
soon gets up speed and so cuts down the current to the 
working amount. 

440. Electric Locomotion. — Motors placed on cars 
or on separate locomotives can propel them singly or ir 
trains provided the requisite power is supplied. This 
may be done in several ways : — 

(а) A battery of charged accumulators is carried or 

the car. 

(б) Current is furnished from a power-house, at some 

convenient point, to the rails on which the cars 
run, and which act as outgoing and return con- 
ductors, and are insulated. The cars (which have 
insulated wheels) pick up their currents from the 
rails. 
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rail insulated from earth. From this the current 
is picked up by the car, the ordinary rails being 
used as return conductor. 

(d) Current is furnished from a power-house to an 
overhead line, with which the car makes contact 
as it runs by means of a trolley-wheel fixed on a 
long rod above the car. 

Method (a) is not economical, owing to weight of 
accumulators. Plan (i b ) is the one used by Siemens in the 
first electric tramway put down, in Berlin, in 1879. Plan 
(c) is used in several heavy electric railroads in England, 
to furnish current to locomotives of 200 to 400 horse- 
power. Plan (d) is used for tramways chiefly in the 
United States, where there are now (1894) thousands of 
miles of light roads so equipped. 

447. Electric Transmission of Power. — Power 
may be transmitted to great distances electrically from a 
generator at one end of the circuit to a motor at the other. 
A mountain stream may be made to turn a turbine which 
drives a dynamo or alternator, the currents from which 
are conveyed to some centre of population hy insulated 
wires to the motor which reconverts the electrical power 
into mechanical power. Scores of such examples are now 
at work. In the striking demonstration at Frankfort, in 
1891, 140 horse-power was conveyed from the Falls of the 
Neckar at Lauffen, 117 miles away, through three wires 
only 4 millimetres in diameter, with a nett efficiency of 
74 per cent, including all losses. 

Fig. 232 illustrates the case of a simple transmission 
between two machines. In one the electromotive-force 
drives the current, in the other the electromotive-force 
opposes the current. The first acts as generator (by the 
principle of Art. 436), the second as motor. If their 
respective electromotive-forces are E x and E 2 the electrical 
efficiency of the transmission is the ratio E 2 /E x . 

HP'Uck -nn-nmYi lrtcs+ linn Tver VPQCSfYn fvf its TASH fft'.flTl 


to tli^ |*r*»hiMf ivo »*f * **|*)ht f**r ran-yiiig htrg* 

rUtTMl!-** Wit l$i»Ul nVi*rhriktillK*. * 1 * 1 **’ Willie W?i*totI ill II lilt' 
of ivMntaio'o It ittv 4 AH, 43 l» t ‘ U. Th»» gr»««i watt 
utili/wi wf»’ i Art. A • f 4 V , wh**tv V M h fho volt* ir 
tlio motor riol. H*’in »' thr j«ovrr that mu*! hr |«mrri| n 

to tli r nr U«ltlig «ii 4 nf tjir liim i « i ^ It I t * \ %* WitIM. Ni*V 

it will hr ul»vn«u*i that »»nr limy krrj* th«* l’*U !*♦»* rohntuti 



b in -m 


ftiul yrl inci-mw thr jmwrr thut h* hy itiorwt* 

mg V* tW voltagr ut tho iu»»t*»r inung in (Wt n high 

¥«Itmg0 motor* am! of nmm? n high votings gtimmitetf f* 
To jml thr matter in nm4lmr way, I# 
V« U* tin* vt>tu« lit thw grtirmter rti*l «>f tlio Jinr 
(V<» -* V* )lt wilt ho <\ Kow w#i timv kwj» I 
militant (ntut thi'tvforv? Urn I5’!l limit rnn*Unt anti yo ! 
incniiUN) tin* vultogw, j>ru¥iitt*t V„ • V m tmmmm « 
WfV*m 

Hii|»|»*nr> a liti*s of r-*t|*|if?r wire Qrt niltf* tong Ittu 

r*»siut4UPi *»f 100 ohm*. A rurrmt »*f tl isi ft wit 

wmU* fftlOU w» tin or marly $ horwrjiowef, To fttstil i 
ntt»}««*r*4 fltnmgh 100 t*Imm tvqtiirtvt a »tlff»ritww « 
«f OttO volte, 811111*1#* V*# ■ Itiftil fttii 


elllrliMiey being V m/V< i -"* 40 per c*t*n (.. Now suppose 
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It in therefore clear that hhjhvoliatjfi is the secret of 
mtmw in tin* electrical transmission of energy, whether 
for lighting or power, to long distances. In the trims- 
mission of energy from the Kalla of Tivoli to light the 
city of Home sixteen miles away, a pressure of 5000 volts 
is successfully used, lu the scheme for utilizing the 
power of Niagara Kails, now on the way, a voltage of 
30,000 is proposed. 


Lkbhon XXXI X . —Klrtvic Litjhl 

448. Tho BHootric Aro.— If two pointed pieces of 
ear bon are joined by wires to tlm terminals of a powerful 
voltaic battery or other generator of electric currents, and 
are brought into contact for a moment and then drawn 
apart to a short distance, a kind of electric flame' called 
the arc or 44 voltaic ” arc is produced between the points 
of carbon, and a brilliant light is emitted by the white- 
hot point*! of the carbon electrodes. This phenomenon 
was first noticed by Humphry Davy in 1800, and its ex- 
planation appears to lie the following He fore contact 
the difference of potential between the points is insufficient 
to piirinit a spark to leap across even. of an inch of 

airspace, but when the carbons are made to touch, a 
current ia established. On separating the carbons the 
npitrk ut parting volatilizes a small quantity of carbon 
between the points, darlwm vapour being a partial con- 
ductor allows the current to continue to flow across the 
gap, provided it he not too wide; but as the carbon 




weaker currents or smaller electromotive-forces it is im- 
practicable to maintain a steady arc. For search-lights 
on board ship and for lighthouses, arc lights of greater 
power are produced by using thicker carbons and supply- 
ing them with currents of 20 to 100 or more amperes. 
The common size of carbon rod in use is 10 or 11 
millimetres in diameter : the consumption is roughly 
1 inch per hour, the + carbon consuming much faster 
than the — carbon. The internal resistance of the 
ordinary Daniell’s or Leclanchd’s cells (as used in tele- 
graphy) is too great to render them serviceable for pro- 
ducing arc lights. A battery of 40 to 60 Grove’s cells (Art. 
182) is efficient, but will not last more than 2 or 3 hours. 
A dynamo-electric machine (such as described in Arts. 
461 to 469), worked by a steam-engine, is the generator 
of currents in practical electric lighting. The quantity of 
light emitted by an arc lamp differs in different directions, 
the greatest amount being emitted (when the + carbon is at 
the top) at an angle of about 45° downwards. Most of it 
comes from the white-hot crater, very little from the nega- 
tive point. In the alternate-current arc the carbon points 
are alike and emit equal light. The current must not 
alternate more slowly than 40 periods per second. The 
total quantity of light emitted, when the current is 
supplied at a fixed voltage, is not quite proportional to 
the current, hut increases in a somewhat higher ratio. 
Doubling the current makes rather more than twice as 
much light. 

449. Arc Lamps. — Davy employed wood charcoal 
for electrodes to obtain the arc light. Pencils of hard 
gas-carbon were later introduced by Foucault. In all the 
more recent arc lamps, pencils of a more dense and homo- 
geneous artificial coke-carbon are used. These consume 
away more regularly, and less rapidly, but still some 
automatic contrivance is necessary to push the points of 
the carbons forward as fast as needed. The mechanism 
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lamps have also been, devised in which the weight of the 
carbon-holders drives the clockwork mechanism. Of this 
class was Serrin’s lamp, which from 1855 to the present 
time has been largely used for lighthouses, and for the 
optical lantern. 

(b) Brake-wheel Lamps . — Another mechanism for regula- 
ting the rate of feeding the carbon into the arc consists in the 
addition of a brake-wheel ; the 
brake which stops the wheel being 
actuated by an electromagnet 
which allows the wheel to run 
forward a little when the resist- 
ance of the arc increases beyond 
its normal amount. In Fig. 235 
B is the brake-wheel, L the lever 
which governs it, C an iron core 
of the coil S inserted in the 
circuit. When current is switched 
on, the core is drawn up, causing 
L to grip B and turn it a little, 
so parting the carbons and strik- 
ing the arc. 

(c) Solenoid Lamps . — In this 
class of arc lamp one of the car- 
bons is attached to an iron 
plunger capable of sliding verti- 
cally up or down inside a hollow 
coil or solenoid, which, being 
traversed by the current, regulates 
the position of the carbons and the length of the arc. 
Siemens employed two solenoids acting against one 
another differentially, one being a main-circuit coil, the 
other being a fine- wire coil connected as a shunt to the 
arc. The shunt coil acts as a voltmeter to watch the arc 
and feed the carbons forward when the volts rise above 
the normal, it being set to control the feeding mechanism. 




of employing a clutch to pick up the upper carbon- 
holder, the lower carbon remaining fixed. In this kind 
of lamp the clutch is worked by an electromagnet, through 
which the main current passes. If the lamp goes out the 
magnet releases the clutch, and the upper carbon falls by 
its own weight and touches the lower carbon. Instantly 
the current starts round the electromagnet, which causes 
the clutch to grip the carbon-holder, and raise it to the 
requisite distance. Should the arc grow too long, the 
lessening attraction on the clutch automatically permits 
the carbon-holder to advance a little. 

(e) Motor Lamps . — Sometimes little electric motors are 
used to operate the carbons automatically. 

450. Grouping- of Arc Lamps. — If the condition 
of supply is constant voltage the arc lamps must be set in 
parallel; if the arc lamps are to be run in series , the 
same current flowing in succession through each of the 
lamps, then the supply must be of a current of unvarying 
strength. In this case a shunt circuit is necessary 
in each lamp. 

451. Electric Candles. — To obviate the 
expense and complication of such regulators, 
electric candles have been suggested. Fig. 236 
depicts Jablochlcoff’s candle , consisting of two 
parallel pencils of hard carbon separated by a 
thin layer of plaster of Paris and supported in an 
upright holder. The arc plays across the summit 
between the two carbon wicks. In order that 
both carbons may consume at equal rates, alter- 
nating currents must be employed. 

452. Incandescent Lamps or Glow- 
Lamps. — Arc lamps of an illuminating power 
of less than 100 candles are very unsteady and 
uneconomical. For small lights it is both simpler 

and cheaper to employ a thin continuous wire or filament 
of some infusible conductor, heated to whiteness by 



Fig. 236. 


have repeatedly been suggested for this purpose, but 
they cannot be kept from risk of fusing. Iridium wires 
and thin strips of carbon have also been suggested 
by many inventors. Edison in 1878 devised a lamp 
consisting of a platinum spiral combined with a short- 
circuiting switch to divert the current from the lamp 
in case it became overheated. Swan in February 1879 
publicly showed a carbon wire lamp in a vacuous 
bulb. Edison in October 1879 devised a vacuum lamp 
with a coiled filament made of lamp black and tar 
carbonized. Swan in January 1880 prepared filaments 
from cotton thread parchmentized in sulphuric acid, and 
afterwards carbonized. Edison in 1880 substituted aflat 
strip of carbonized bamboo for a filament. Lane Fox in 
1879 used prepared and carbonized vegetable fibres. 
Crookes used a filament prepared from silk or vegetable 
matter parchmentized with cuprammonic chloride. 

Modern glow-lamps mostly have thin carbon wires 
prepared from parchmentized cellulose, which is then 
carbonized in a closed vessel. Sometimes the filaments 
are “ flashed ” over with surface carbon by being moment- 
arily heated electrically in a carbonaceous atmosphere. 
They are mounted upon platinum supports in a glass 
bulb through which the platinum wires pass out, and into 
which they are sealed, the bulbs being afterwards ex- 
hausted of air and other gases, the vacuum being made 
very perfect by the employment of special mercurial 
air-pumps. The bulbs should be heated during exhaus- 
tion to drive out residual gases. Carbon is the only 
suitable material for the conductor because of its superior 
infusibility and higher resistance. It also has the 
remarkable property, the reverse of that observed in 
metals, of offering a lower resistance when hot than 
when cold. Two common forms of glow-lamp are 
shown in Fig. 237 : the typical form used by Swan in 
England, and the typical form perfected by Edison in 
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453. Grouping- of Glow-Lamps. — Glow-lamps 
are usually grouped in parallel (Fig. 238) between mains 
kept at constant voltage. A common value for the 
difference of potential 
between the + and - 
mains is 100 volts. The 
current in the mains 
subdivides and flows 
through, each lamp in- 
dependently. When any lamp is switched on it does not 
diminish the current in the others, but by opening an 
additional path simply causes proportionately more current 
to flow from the source of supply. The method of 
grouping in series (Art. 168) is seldom used for glow- 
lamps ; each lamp then requires an automatic cut-out to 
prevent the rest of the row from being extinguished in 
case one lamp goes out. 

Three-wire systems, m which a third or neutral wire is 
introduced between the + and the — main, have been 

devised to enable 
higher voltages to be 
used, and thereby 
enable twice as many 
lamps to be lit with 
little additional ex- 
penditure in copper. 
To render the lamps 
on one side of the 
circuit (Fig. 239) independent of those on the other, 
in case an equal number do not happen to be switched 
on at the same time, the middle wire (which only need 
be thick enough to carry a current equal to the difference 
between the currents in the two outer wires) is carried 
back to the station and kelpt at mean potential between the 
two outer wires by the use of two dynamos instead of one. 



Fig. 239. 



Fig. 238. 
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m denoted for brevity by tbo symbol M. If flic primary 
and secondary coils arc not no arranged tlmt till the mag- 
netic linos due to tlm one pass through the spirals of the 
other, then M will have a less value than 

The practical unit for eociUcients of mutual induction 
in the name an for those of self- induction, namely tbo 
hf'.nri/ (Art. ftM), and is 10® O.G.8. unite. Hence to 
bring M to henries we must divide the above value by 10 9 . 

If the current in the primary in varying' at the rate 
</0 /tit, the electromotive”- force K, thereby induced in the 
secondary circuit will he 

K M 

where E will he in volts if M in expressed in henries, 0 
in amperes, and t in seconds. 

The value of M for the small induction coil a used in 
telephone work in tumidly about 0*01 henry ; for a 
KuhmkorfF coil capable of giving a spark 10 centimetres 
long it may he oh much as 5 henries. 

Suppose In a spark-coil the value of M is 8 henries, 
and the primary current uhangus hy an amount of 1 
nnqxm* In min ten- thousandth of a second (awing to the 
quick-acting break), the electromotive -force induced 
In the secondary during that ten -thousandth of a second 
will he 80,000 volts. 

To measure a coefficient of mutual induction, there are 
several methods, some of which depend on the use of Wheat- 
ut one’s bridge ; but the best method is one due to CJarey 
Foster, hi thin the quantity of electricity discharged 
from a condenser of known capacity K shunted hy a re- 
Histmice p in the primary circuit i« balanced against the 
quantity discharged in the secondary circuit hy regulating 
a resistance q in the latter. Then M ^ K 'pq* 

465. Induced Currents of Higher Orders.— 


strength of the secondary current could induce tertiary cur- 
rents in a third closed circuit, and that variations in the 
tertiary currents might induce currents of a fourth order, 
and so on. A single sudden primary current produces 
two secondary currents (one inverse and one direct), each 
of these produces two tertiary currents, or four tertiary 
currents in all. But with alternating or periodic there 
are the same number of secondary and tertiary fluctua- 
tions as of primary ; but the currents of the second, 
fourth, etc. orders will be inverse in the direction of their 
flow to those of the first, third, fifth, etc. 

456. Lenz’s Law. — In Art. 223 it was explained 
how an increase in the number of magnetic lines through 
a circuit (as by pushing in a magnet) tended to set up an 
inverse current, or one flowing in such a direction as is 
opposed to the magnetism. Similarly a decrease in the 
magnetic lines (as by withdrawing the magnet) tends to 
set up currents that will pull the magnet back. Again, 
in Art. 379, it was laid down that a circuit traversed by 
a current experiences a force tending to move it so as to 
include the greatest possible number of magnetic lines-of- 
force in the embrace of the circuit. But if the num- 
ber of lines be increased, during the increase there 
w T ill be an opposing (or negative) electromotive-force set 
up, which will tend to stop the original current, and 
therefore tend to stop the motion. If there be no cur- 
rent to begin with, the motion will generate one, which 
being in a negative direction, will tend to diminish the 
number of lines passing through the circuit, and so stop 
the motion. Lenz, in 1834, summed up the matter by 
saying that in all cases of electromagnetic induction the in- 
duced currents have such a direction that their reaction tends 
to stop the motion which produces them . This is known as 
Lenz’s law : it is a particular case of the more general 
law applicable to all electromagnetic systems, namely, 
that every action on such a system , which } in producing a 


tion of energy , sets up reactions tending to preserve unchanged 
the configuration or state of that system. (Compare Arts. 
204 and 379.) 

457. Eddy-Currents Induced in Masses of 
Metal. — In 1824 Gambey found that a compass-needle 
oscillating in its box came to rest Booner if the bottom of 
the box were made of metal than if of wood. Arago in- 
vestigated the matter, and found a copper plate under 
the needle most effective in damping its motions. He 
then rotated a copper dish in its own plane underneath a 
compass-needle, and found that the needle was dragged 
round as by some invisible friction. A copper disk sus- 
pended over a rotating magnet was found to be dragged 
by it. Attempts were made to account for these pheno- 
mena — known as Arago 3 s rotations — by supposing there 
to be a sort of magnetism of rotation, until Faraday 
proved them to be due to induction. A magnet moved 
near a solid mass or plate of metal induces in it currents, 
which, in flowing through it from one point to another, 
have their energy eventually frittered down into heat, 
and which, while they last, produce (in accordance with 
Lenz’s law) electromagnetic forces tending to stop the 
motion. These currents, circulating wholly within the 
metal, are called eddy-currents. If a cube or ball of 
good conducting metal be set 
spinning between the poles of 
such an electromagnet as Fig. 

182, and the current be sud- 
denly turned on, the spinning 
metal stops suddenly. In a 
copper disk revolving between 
the poles of a magnet (Fig. 240) 
there are a pair of eddies in the 
part passing between the poles, and these currents tend to 
pull the disk back. In fact, any conductor moved forcibly 
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motion. Foucault showed * that if, by sheer force, a disk 
be kept spinning between the poles of a powerful electro- 
magnet it will become hot in consequence of the eddy cur- 
rents induced in it. 

The eddy-current drag on a moving conductor (some- 
times called the magnetic friction) is a force proportional 
to the speed and proportional to the square of the mag- 
netic held ; for the force (Art. 340) is proportional to the 
product of field and current, and the current (circulating 
round a given path) is proportional both to field and to 
speed. Hence eddy-current drag is employed in some 
forms of electric supply meter (Art. 442) to control the 
speed of the moving part. 

Al ternating electric currents also set up eddy-currents 
in masses of metal near them ; for this reason the iron 
cores of transformers (Art. 480) and of dynamq arma- 
tures (Art. 463) must be carefully laminated, otherwise 
there will be heating and waste of energy. 

Further, eddy-currents in any mass of metal between 
a primary and a secondary circuit will tend to set up in 
the secondary tertiary electromotive forces opposing those 
set up by the primary. Hence interposed sheets of metal 
act as induction-screens. 


Lesson XLL — Self-Induction 

458. Self-Induction. — It has been pointed out in 
Art. 224 how when a current in a circuit is increasing or 
diminishing, it exercises an inductive effect upon any 
neighbouring circuit ; this inductive effect being due to 
the change in the magnetic field surrounding the varying 
current. But since the magnetic lines surrounding a 
current may, as they move inwards or outwards from the 
wire, cut across other parts of the same circuit, it is evident 

* Hence some writers call the eddy-currents “Foucault's currents,” 
though they were known years before Foucault's experiments were made. 
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tlmt a current may act inductively on itself. The self- 
inductive action is great if the circuit consists of a coil of 
many turns, and is still greater if the coil possesses an 
iron coro. Suppose a coil of wire to possess S spirals, and 
that it generates a magnetic flux through these spirals of 
N lines when current 0 is turned on. Then it is clear 
that turning on the current will have the same effect as if 
a magnet of N lines were suddenly plunged into the coil j 
and turning olf the current will, have the same effect as if 
the magnet were suddenly withdrawn. Now (Art. 225) 
the current induced by plunging a magnet into a coil is 
an inverse current tending to push it out, while that 
induced hy withdrawing the magnet is a direct current, 
tending to attract it hack. It follows that the self- 
induced electromotive-force on turning the current on will 
tend to oppose the current, and prevent it growing an 
quickly as it otherwise would do, while that induced on 
stopping the current will tend to help the current to 
continue 11 owing. In both cases the effects of self- 
induction is to oppose change : it acts us an electro - 
magnetic inertia. 

In the case supposed above, where the coil has S turns, 
the total cutting of magnetic lines in the operation will 
-SxN, provided all the lines thread through all the 
spirals. Let the symbol L he used to represent the total 
amount of cutting of lines hy the circuit when a current 
of 1. ampere is suddenly turned on or off in it,. Clearly 
L x C = S x N, This quantity L in culled “ the induct- 
ance” of the circuit. It was formerly called “the 
coefficient of self-induction ” of the circuit. The unit of 
induction is called the henry, and corresponds to a 
cutting of 10 8 magnetic lines when 1 ampere is turned on 
or off. 

Since (in circuits without iron cores) N is proportional 
to ft, it follows that L is proportional to ft a . Or since 
(see Art. 377) N » 47rCft/lOZ, and the Lotal cutting of 
lines hy the ft spirals (if ail the lines pass through all the 
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spirals) is SxN, hence the induction when 10 amperes 
are turned on or off will be 

L = 4ttS 2 /Z, 

which may be expressed in henries by dividing by 10 9 . 
If all the lines do not pass through all the spirals the 
value of L will be less than this. 

The self-induced electromotive-force will depend upon 
the rate at which the current is changing ; for if the total 
cutting SN take place in time t } it follows (Art. 225) 
that 

E = -SN/*= -LC/i 

But since the rate at which the current changes is not 
uniform, E is also not uniform. If in an element of time 
dt the current charges by an amount dC, the rate of charge 
of the current is dC/dt, and the self-induced electromotive- 
force is = - L * dC/dt 

The formal definition of the henry (Art. 354) is based 
on the above expression in order that it may apply to 
circuits with iron cores as well as to circuits without 
them. 

The energy of the magnetic field surrounding the 
current is equal to JLC 2 , since while the field is growing 
up to have LO lines in total, the average value of the 
current is JO. 

To measure a coefficient of self-induction there are 
several methods : — 

(а) Alternate-current method . — The volts Y required to 
send current C at frequency n through coil having 
resistance R and coefficient of self-induction L are 

Y = C >JR 2 + 47r 2 n 2 L 2 ; or, if the resistance is negligible, 

Y = 27rnCL, whence L = Y/27rnC (see Art. 472). 

(б) Bridge methods . — Of several bridge methods the 
best is Maxwell’s. Let balance be obtained in usual 
way ; key in battery circuit being put down before key 
in galvanometer circuit (Art. 415). Then press the keys in 
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reverse order, when the presence of self-induction in one 
of the four arms will upset balance, the needle giving a 
kick a proportional to the self-induction. Now introduce 
in the same arm an additional small resistance r, such 
that when keys are again operated in the usual order 
there is a small permanent deflexion S. If the periodic 
time of swing of the needle be T the following formula 
then holds : — L = Tra/27rS. 

(c) Secohmmeter method . — Ayrton and Perry invented 
an instrument which alternately makes and breaks the 
battery circuit of the bridge and only allows the galvano- 
meter to be in operation during a short interval of time 
T immediately after each making of the battery circuit 
(the galvanometer at other times being short-circuited). 
As the current is increasing during this interval, the 
self-induction L of a coil placed in one of the arms of the 
bridge acts as though there were an additional resistance 
r in that arm. The formula is then, L = Tr. As L is 
then the product of seconds and olims, Ayrton and Perry 
proposed for the unit (now called the henry) the name of 
secohm . 

459. Effects of Inductance. — The presence of 
inductance in a circuit affects the currents in several 
ways. The special cholcing-effect on alternate currents is 
dealt with in Art. 474. The effects on battery currents 
are also important. So long as the current is not changing 
in strength inductance has no effect whatever ; but while 
the current is starting or while it is dying away the 
presence of inductance greatly affects it. In all cases 
inductance tends to oppose any change in the strength of 
the current ; as may be foreseen from Lenz’s law (Art. 
456). When a current is increasing in strength induct- 
ance causes it to increase more slowly. When a current 
is dying away inductance tends to prolong it. 

The existence of inductance in a circuit is attested by 
the so-called extra- current, which makes its appearance 
as a bright spark at the moment of breaking circuit. If 
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tlie circuit be a simple one, and consist of a straight wire 
and a parallel return wire, there will be little or no 
inductance ; but if the circuit be coiled up, especially if 
it be coiled round an iron core, as in an electromagnet, 
then on breaking circuit there will be a brilliant spark, 
and a person holding the two ends of the wires between 
which the circuit is broken may receive a shock, owing to 
the high electromotive - force of this self -induced extra 
current. This spark represents the energy of the magnetic 
field surrounding the wire suddenly returning back into 
'the circuit. The extra-current on “ making ” circuit is an 
inverse current, and gives no spark, but it prevents the 
battery current from rising at once to its full value. The 
extra-current on breaking circuit is a direct current, and 
therefore keeps up the strength of the current just at the 
moment when it is about to cease. To avoid the per- 
turbing effects of inductance, resistance-coils are always 
coiled back upon themselves (Art. 414). 

Even when a circuit consists of two parallel straight 
wires there is a magnetic field set up between them, 
giving inductive reactions. The coefficient of self-induc- 
tion for two wires of length l and radius a at an axial 
distance b apart in air is 

where L is in henries ; a , b and l in centimetres ; and /x 
the permeability of the wire. 

460. Helmholtz’s Equation. Time-constant. — 
From that which precedes it is clear that whenever a 
current is turned on there is a variable period while the 
current is growing up to the value which it will reach 
when steady, namely the value as determined by Ohm’s 
law. But during the variable period Ohm’s law is no 
longer applicable. 

Yon Helmholtz, who investigated mathematically the 
effect of self-induction upon the strength of a current, 
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deduced the following important equations to express the 
relation between the inductance of a circuit and the time 
required to establish the current at full strength : — 

Lot dt represent a very short interval of time, and let 
the current increase during that short interval from 0 to 
0 + dC. The actual increase during the interval is dC, and 
the rate of increase in strength is dC/dt. Hence, if the in- 
ductance be L, the electromotive-force of Belf-induction will 
be - L dC/dt, and, if the whole resistance of the circuit 
he R, the strength of the opposing extra-current will he 
I riP 

- V J . during the short interval dt ; and hence the 

CIO 

actual strength of current flowing in the circuit during 
that short interval instead of being (as by Ohm’s law it 
would be if the curront were steady) C = E/R, will be 

E__L dO 

^“R 1 1' dt' 


To find out the value to which the current will have 
grown after a time t made up of a number of such small 
intervals added together, requires an application of the 
integral calculus, which at once gives the following 
result : — 


(J 




(where <• is the base of the natural logarithms). 

Put into words, this expression amounts to saying that 
after a lapse of t seconds the self-induction in a circuit on 
making contact has the effect of diminishing the strength of the 
current by a quantity , the logarithm of whose reciprocal is 
inversely proportional to the inductance , and directly pro- 
portional to the resistance of the circuit and to the time that 
has elapsed since making circuit. 

The quantity L/JLl, the reciprocal of which appears in 
the exponential expression, is known as “ the time-constant n 
or “ persistence n of the circuit, It is the time required by 
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current to rise to a certain fraction, namely (e — l)/e, 

• 0*634 — of its final value. 

l very brief consideration will sliow that in those 
i where the circuit is so arranged that the inductance 
small as compared with the resistance R, so that the 

-constant is small, the term will vanish from 

equation for all appreciable values of t. 

)n the other hand if L is great compared with ~R> the 
ent during its growth will be governed almost entirely 
the inductance, and not by the resistance of the 
lit, which will act as though its resistance were 
it. 

tiese matters are graphically depicted in Fig. 241, in which 
i are two curves of rise of current. Consider a circuit having 
.0 volts, R— 1 ohm, L=10 henries. The steady current will 
he 10 amperes ; hut at the end 
of 1 second, as may he calculated 
hy Helmholtz’s equation, the 
current is only 0*95 of an am- 
pere ! In 2 seconds it is 1 *81, 
in 5 seconds 3*95, in 10 seconds 
6*34 amperes (see curve A). At 
the end of a whole minute it is 
only 9*975 amperes. Suppose 
now we increase the resistance 
to 2 ohms, and reduce the in- 
ductance to 5 henries. The 
final value of the current will be 
only 5 amperes instead of 10 ; 
it will rise more quickly than before (see curve B). At the 
of 1 second it will be 1*647 ampere, in 2 seconds 2*755, in 10 
nds 4*91 amperes. We conclude that for all apparatus that is 
ired to he rapid-acting (relays, telephones, chronographs, etc.) 
much more important to keep down the inductance than the 
tance of the circuit. We also see that the rule (Art. 407) so 
i given, about making the resistance of a battery equal to that 
le rest of the circuit, is quite wrong for cases of rapid action. 
ie circuit has self-induction as well as resistance then it is better 
roup the cells of the battery so as to have higher resistance, 
ely put them all in series. 

In fact everything goes on as though at time t after 



Fig. 241. 
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“make” there were two currents flowing in opposite 
directions at once ; one the ordinary current flowing from 
the first at full strength, the other the extra -current 

having the value — g e E ^ L ; the actual current being 


the difference between the two. 

At “break” of circuit everything goes on as if, the 
ordinary current having dropped suddenly to zero, 
there was superposed an extra-current having the value 
E ‘—’RtjXj 

+ g-* * but here, since there is introduced into the 


circuit a resistance of unknown amount (the resistance 
along a spark being indefinite) the calculation becomes 
impracticable. "We know that It is very great ; hence 
we know that the variation will be more sudden, and 
that the self-induced E.M.F. at “break” is much greater 
than that at “make” The self-induced E.M.F. would 

he represented by the expression E, = Ee~ Hl5 / L . This 
expression should be compared with that for the E.M.F. 
of discharge of a condenser of capacity K through a 

resistance E (see also Art. 326), which is Y t = V 0 e“^ Kli - 
From this it appears that in the case of a condenser dis- 
charge KE acts as the time-constant L/R does in the case 
of self-induction. 

The actual quantity of electricity conveyed by the 
“extra-current” is equal to that which would be con- 
veyed by current of strength E/ R of lasting for time L/R ; 
or = EL/R 2 . At the “make” of the circuit the retarda- 
tion causes the flow of electricity to he lessened by the 
amount # = EL/R 2 . The energy which is stored up 
outside the wire while the current grows up from 0 to 
its final value 0 is equal to |^E — ^LC 2 . 
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tudinal axis ; the upper portion coming towards the 
observer. The arrows show the direction of the induced 
currents delivered by the 
commutator to the contact- 
springs or brushes. The little 
magneto - electric machines, 
still sold by opticians, are 
on this principle. Holmes 
and Van Malderen con- 
structed more powerful 
machines, the latter combin- 
ing around one axis sixty-four separate coils rotating 
between the poles of forty powerful magnets. 

In 1856 Werner Siemens devised an improved arma- 
ture, in which the coils of wire were wound shuttle-wise 
upon a grooved iron core, which concentrated the mag- 
netic lines in a powerful field between the poles of a series 
of adjacent steel magnets. The 
next improvement, due to 
Wilde, was the employment of 
electro-magnets instead of steel 
magnets for producing the field 
in which the armature revolved ; 
these electro -magnets being ex- 
cited by currents furnished by 
a small auxiliary magneto- 
electric machine, also kept in 
rotation. If instead of com- 
muting the currents the ends 
of the revolving coil are connected to a pair of contact 
rings , on each of which presses a brush, the machine will 
deliver alternate currents. Fig. 243 illustrates a primitive 
form of alternator. It will he seen that if the induced 
E.M.F. in the wires as they move past the N-pole towards 
the observer is from left to right, the two contact rings 
will alternately become 4- and — at each half-turn, 

462. Dynamo -electric Machines. — The name 
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small internal resistance, and therefore of a few turns of 
stout wire or ribbon of sheet copper. For producing 
currents at a high electromotive-force the armature must 
consist of many turns of wire or of rods of copper suitably 
connected, and it must revolve in a very powerful mag- 
netic held. 

463. Continuous - current Dynamos. — The 
dynamos of different makers differ in the design of their 
field-magnets and in the means adopted for securing con- 
tinuity in the induced currents. Most continuous-current 
dynamos have a simple field magnet with two poles : but 
many large machines are made with four, six, or eight 
poles. But the modern armature is complex. A simple 
coil, such as Fig. 242, with its 2-part commutator will not 
yield a steady current ; for twice in each revolution the 
E.M.F. dies away to zero. The coils must he grouped so 
that some of them are always active. In most dynamos 
the armature winding is constructed as a closed coil , 
the wire being wound on a ring core of iron (Pacinotti’s 
core with teeth, Gramme’s core without teeth), or as a 
drum over a cylindrical core (Siemens’s or Yon Hefner’s 
plan), or having the coils arranged flat as a dish 
(Desrozier’s plan). In all these cases the convolutions are 
joined up so that (like the ring winding in Fig. 190) the 
coil is endless. If the current is. brought in at one side 
of such a coil and taken out at the other side there will 
be two paths through the coil. As the coil spins between 
the poles of the magnet the electromotive-forces induced 
in the ascending and descending parts will tend to send 
the currents in parallel through these parts ; and con- 
sequently contact-brushes must be set to take off the 
currents from the revolving coils at the proper places. 
The brushes are, however, set in contact not with the 
.coils themselves but with a commutator y Fig. 244, consist- 
ing of a number of copper bars, insulated from one 
another, and joined on to the armature coil at regular 
intervals. Consider, for example, a Gramme ring made 
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DYNAMO CALCULATIONS 

bo moving at that instant in a magnetic field of miilicieut 
strength. The current in the armature exorchsoH a mag- 
netizing action, and tends to distort the magnetic field in 
the direction of the rotation. To prevent sorimtH distor- 
tion and wparldng, the field-magnet is made very powerful 
and massive. The “brushes” that receive the current 
were originally Lunches of springy wires : in modern 
machines they are built up of copper strip <>v copper 
gauze, or consist of small blocks of carlum, Fig, 245 de- 
picts a modern type of dynamo, having a vertical maguct 
of massive wrought iron magnetized by currents Jloving 
in coils wound upon the two limbs. Below, between the 
polar surfaces which am bored out to receive it, is the 
revolving armature (in this case a drum-armature.) with 
the commutator and brushes. The core of the armature 
is built up of thin iron disks lightly insulated from one 
another, to prevent cddy-currenls. 

All continuous-current dynamos will rim as motors 
(Art. 443), if supplied with current at tho proper 
voltage. 

For fuller descriptions of dynamos, and leelmieal details nf con- 
struction, tho reader is rofumul to the auLhor’s troutiso on 
.Dynamo * electric M add n ery. 

404. Dynamo Calculations.— In a 2-polo dynamo 
if N bo tho total number of magnetic. linen sent by tho 
field-magnet through tho armature, W the number of wires 
or conductors in series on tho armature, envml.od all 
round, and n tho number of revolutions per nmumil, tho 
e.l eetromotivo-foreo generated by tho spinning urmature 
will bo 

K: .-wRN/l()» 

for the cutting poi’ second of magnetic lines is proportional 
to each of these three quantities, and wo divide by l() H to 
bring to volts. As with batteries (Art. 171), ho with 
dynamos, if there is an internal resistance r } tlm available 
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Arts. 377 and 399 must Ibe applied (see exercise 21 on 
Chap. V.). 

465. Excitation of Field-Magnets. — There are 
several inodes of exciting the magnetism of the field- 
magnets, giving rise to the following classification : — 

1. Magneto Machine , with permanent steel magnets. 

2. Separately-excited Dyncvmo ; one in which the cur- 
rents used to excite the field-magnets are furnished by a 
separate machine called an “ exciter. JJ 

3. Separate-coil Dynamo , with a separate coil wound 
m the armature to generate the exciting current. 

4. Series-Dynamo , wherein the coils of the field-magnet 
ire in series with those of the armature and the external 



circuit (Fig. 246), and consist of a few turns of thick 
vire. 

5. Shunt - Dynamo , in which the coils of tlio field- 
nagnefc form a shunt to the main circuit ; and, being 
nade of many turns of thin wire, draw off only a small 
xaction of the whole current (Fig. 247). 

6. Compound- Dynamo, partly excited by shunt coils, 
>artly by series coils (Fig. 248). 

The last three modes are illustrated in the accompany- 
ng diagrams. Each variety of winding' has certain 
idvantages depending on conditions of use. 
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j T or a a hunt-dynamo tlio cliamctorintfc has a tlillcmit 
for in. WJ>un Ilia machine in on open circuit, giving no 

current externally, tho Hlnmt circuit is fully a t work 
tiro nuiguct* I ho curve YV of volts at ter- 
minals IH'K'™ Hi ft lligll 
v a i U e, n,n<l run Uto^ current ia 
increased dnniuislung 

tlie rosistiviicis the voltage 
gently fuH H - , l> iirt of this 
cli'opx xb cltu* to inturnal ru«i«U 
an co * part ^ ( hio 
tnT»o ^rcstictionH anti magnetic 
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redaction t>r ^ Blnmt 
exix^xexx'fc, X ^ before, wu 
draw O J to roprcwenl by il« 
slope idxc interim! resistance, wo mu find tlio lost volte MN 
and cuXd tliene on above Q, ho obtaining P, a point on tlio 
total oloctroinotivo-forco curve. This also drops slightly, 
If a alxxmt-tlynnmo bo short-circuited, its magnetism is at 
once 3 ?odacod to almost zero. To regulate tho voltage of 
a slxxxxx t-tly auuno a suitable rheostat (Fig. 2GG) may bo 
iixti?odxxcoct into its shunt circuit, to vary tho exciting 
ciument. 

467, OoMtant Voltage Machines.— For glow- 
lamp lighbitig, machines arc needed that will maintain 
tlxe voltage constant, whether tho current going to the 
mains l>o Btuall or large. The current that Hows out 
of Idle imuduna will regulate itnolf exactly in propor- 
tion. to tho demand ; more flowing when more lamps arc 
turned on, provided the potential difference between the 
mains is kept constant. For this purpose neither a 
sbries-tlymuiKJ nor a nlnuiL dymimo (driven at a constant 
speed) will mi ill tie ; though by hand-regulation, as above, 
a ©lxxxixt-dyiiuiuo may be umuh Tt will bo noted that, 
wliile i\i Blunit-tnarhiueH the characteristic drops as tho 
current is increased, in Buries- machines tlio curve rises. 
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ill it cion**! ntvinH* will* w|*r*"ml r*»tiiititilatnrn, gtn«t auto' 
ninths tirvhvn to rvgnkto iliw (Iu« tm» l*v »htit«iti»}f 

the* nkvitinst turivnl, th» i»th« 4 r hy 4 ttffciii|f tin* hnmlwn, 
Tli»* inirmit limy thiu U* krj»t at It* HiiijKnv*, wtt tic* ih«* 
vnlfn rlntuu*' cnr»-i»r»lu*i* to tin 4 ntimt*t*r »f !atii|»n an circuit) 
fruiu f»u to until) mi* iumii*. 

400 . Uuljiolm* Mtwhimw. Thrm m another rh*** 
tif ttyiiniitM-uhvtn*' h»*k ' hiiir*> t •-ttlirvly fr*»w nny 

of tin 1 * |»mv 4 *hK, in which it *4’ **l Sicr movahli* nin» 
ihll’tor frit*!*’* a»*Ul 4 Jm»|o *4 ft att 4 On? 

mn^tiolir in u r**ttl ttc%t*»ti » Manner without any ro* 

Wtoak m tiio iliswtton of thr> * 4 mrrt'iiU. Hurti 
msuhtium* r«l!o 4 M ttui-jcihir 1 * nwhitiv*, lmv«% 

htiwt*vtir» vt»ry low vl«vtn*tm#tivo fat™, nn«l nrw" n«*t j«r«io 
tint!. Farit 4 ity *4 slkk ’inttrhtfii? \Fig» to 

tlih* i 4 am 


X l«t 1 1.- ~ Alternate 

470, Purlodici Ottrrwta. -Wo Imro mmt t that 1 ho 
revolvitttf nf a «ititl*le coil in a iiuurtialie fi»14 miM ttt* 
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electromotive-forces, which change in direction at every 
half-turn, giving rise to alternate currents , In each whole 
revolution there will be an electromotive -force which 
rises to a maximum and then dies away, followed imme- 
diately "by a reversed electromotive -force, which also 
grows to a maximum and then dies away. Each such 
complete set of operations is called a period , and the 
number of periods accomplished in a second is called the 
frequency or periodicity of the alternations, and is symbol- 
ized by the letter n. In 2-pole machines n is the same as 
the number of revolutions per second ; hut in multipolar 
machines n is greater, in proportion to the number of pairs 
of poles. By revolving in a uniform field the electro- 
motive-forces set up are proportional to the sine of the 
angle through which the coil has turned from tlie posi- 
tion in which it lay across the field. If in this position 
the flux of magnetic lines through it were N, and the 
number of spirals in tlie coil that enclose the N lines be 
called S, then the value of the induced electromotive- 
force at any time t when the coil has turned through 
angle 6 ( = %irnt) will be 

E 0 = 27niSN sin 0 -r 1 0 s , 
or, writing D for 27rnSN/l0 8 , we have 
E 0 = T) sin 0. 

In actual machines the magnetic fields are not uni- 
form, nor the coils simple loops, so the periodic rise and 
fall of the electromotive-forces will not necessarily follow 
a simple sine law. The form of the impressed waves 
will depend on tlie shape of the polar faces, and on tlie 
form and breadth of the coils. But in most cases we are 
sufficiently justified in assuming that the impressed 
electromotive-force follows a sine law, so that the value 
at any instant may be expressed in tlie above form, where 
D is the maximum value or amplitude attained by E, 
and 0 an angle of phase upon an imaginary circle of 
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<r»r % I* Kit i«« the ilMiitrier, 
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Tlie runwit* whirl* lltr^ t*r 
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tiUanmitng j linn untw t*» a mmstmam, tWn 4 w uwny 
iui*l revem* in duwimft, iurrrw* «li« anny, amt then 
re verm* bm k iiKaitt, If llw rlerlr*»im4n'e f**r*‘o r**i*ij4rlen 
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current. 

471, Virtual Volta &**d Virtual Ampr«,- 
MmnrUig itiplnnumU for uiipraatr etirretit«» mrh m 
dmUid.vtmmmmimm (Ark 3ikVh t,Wt?w voUmetot* < Art 
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d»10), and electrostatic voltmeters (Art, 200), do not 
mtwmrc the arithmetical average values of tliu ampere* 
«»r volts. The readings of them* iiwlrumenU, if tat 
calibrated by ilm uw of continuous currants, arc Urn 
square roots of Urn moans of the squares of the values. 
They nu*HHure what are culled virtual ampem or virtual 
rail#, The menu which they rwul (if we assume the 
currents mid voltages to follow the nine law of variation) 
in equal to 0*707 of the maximum values, for the 
average of the squares of the nine (taken over either 1 
quadrant or a whole circle) in | * hence the square-root- 
of mean square value in ecjual In 1 s hl times their maxi- 
mum value, If a voltmeter in placed on an alternating 
circuit in which the volts aro oscillating between maxima 
of b 100 and 1 00 volts, it will read 7 0*7 volts; and 
70*7 volts continuously applied would he required to 
produce an equal reading, (f an alternate current am* 
jHwemetcr reads 1 00 amperes, that means that the current 
really rises to 4* Idl’d amperes and then reverses to 

Idl’d amperes ; but the eliect is equal to that of 10O 
continuous amperes, and therefore such a current would 
be described m 100 virtual amperes. 

472, Lag- and Lead,— Alternating current* do not 
always keep step with the alternating vulU impressed 



upon the rircuU, If there xh inductance in the circuit the 
currents will lag : if there in capacity in the circuit they 
will lead in phase, Kig, 252 illustrates llm lag produced 
W iudtiftitiice. 'Plie imuuisus of current, renrmmted bv 
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the inductance. Here p is written for 2im. The ordi- 
nate at 0 is 25*1 ; and the curve is shifted back one 
quarter of the period : for when the current is increasing 
at its greatest rate, as at 0, the self-inductive action is 
greatest. Then compound these two curves by adding 



tbeir ordinates, and we get the dotted curve, with its 
maximum at Y. This is the curve of the volts that must 
be impressed on the circuit in order to produce the 
current. It will be seen that the current curve attains 
its maximum a little after the voltage curve. The current 
lags in phase behind the volts. If Od 
is the time of one complete period, the 
length va will represent the time that 
elapses between the maxima of volts 
and amperes. In Fig. 254 the same 
facts are represented in a revolving 
diagram of the same sort as Fig. 251. 

The line OA represents the working 
volts R x C, whilst the line AD at right angles to OA 
represents the self-induced volts jpLC. Compounding 
these as by the triangle of forces we have as the im- 
pressed volts the line OD. ' The projections of these three 
lines on a* vertical line while the diagram revolves 
around the centre 0 give the instantaneous values of the 
three quantities. The angle AOD, or <£, by which the 
current lags behind the impressed volts is termed the 
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<-*/*!*; U. And it W evident that the rffWt of the todtirl* 
aiuhj i* t«» utnki* tli«* nmiit art if it* in4wl 

of U ton® imrea^-d 0* N 'lt j t In fart tin* 

alternate i urrrui i* u*»vetnr4 n*»i t«> the reaiaUnet' *4 the 
rmuiii hut by iu im|*rdiUire, At the muiic limp the 

PUPTt’Ilt i» II* if tin* AUgte ««f t'pfpfpnrp Wrf'p *M*t 

0 but ti •/#, mi llmt flip v»|ttAliuit f*»r Uif m^lautauputi# 
valuer uf t\ wbvit K — It aiti O t i a 

f t sin #'s 

C 1 -- - . 

\U* tp'l . 4 

Thin I* Maxwell'* law for fwrinctfo ettrrv’nu m retarded 
hy imiuetaman A* itiwinimvitM ink* tm nccuttni of }*h«*<» 
but give virtual value* Ui« mmpht form |#nswlmg m 
usually Miffictmt, 

Tlw tdfWt of rajwrUv Intnwluml into m ftltontftU 
oumnt circuit h l<* a kmd in i*hmw % dnm the 

reaction of «, mmhrnmt ut«Usad of totuUttg to |»roitmg the 
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current tends to drive it back. The reactance is therefore 
written as — 1 jpK t and the angle <f> will he such that Uui 

</>= - 1 jpKR. The impedance will be ^/B 2 -h 

If both inductance and capacity are present, tan 

RC 


j>K 

Fig. 257. Fi£. 2DS. 

</> = (pL - l/pK)/R : the reactance will be ^L—l/pK; 
and the impedance ^/WT~[pL - 1 /pKp. 

Since capacity and inductance produce opposite c fleets 
they can be used to neutralize one another. They exactly 
balance if L = l/p 2 K. In that case the circuit is non- 
inductive and the currents simply obey Ohm’s law. 

474. Choking* Coils. — It will be seen that if in a 
circuit there is little resistance, and much reactance, the 
current will depend on the reactance. Bor example if 
p(—27rn) were, say, 1000 and L= 10 henries while B was 
only 1 ohm, the resistance part of the impedance would 
be negligible and the law would become 



Self-induction coils with large inductance and small resist- 
ance are sometimes used to impede alternate currents, and 
are called choking coils , or impedance coils. 

If the current were led into a condenser of small 
capacity (say K = microfarad, then l/pK= 10,000), the 
current running in and out of the condenser would be 
governed only by the capacity and frequency, and not by 
the resistance, and would have the value — ■ 

C = TpK. 

475. Alternate -current Power. — If to ineasu 
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the puwer impplied t«» u motor, or other part of tut niter- 
unto current circuit, we measure separately with ampere- 
meter ami voltmeter tin* ampere* and volte, and then 
multiply together tlu* muling*, we obtain m the u^ntimt 
t path a value often greatly in rxnw of the trur irttU# t 
owing t*> the ditlVrmee in phase, uf which the instrumente 
take m* account. The trite power (wntte) is in reality 
W - VY i'm *j» t where V ami V are the virtual values, ami 
t/j the angle of lag. Hut the latter k usually nu unknown 
quantity, lienee recourse must Ik* had to u mutable 
watt* meter ; the u*tml form being an electrudynumuuieter 
(Art, *HIH) h|h<i ( tally constructed m that Urn highremstaucc 
circuit in it shall In* mm inductive. 

Whenever the phased iHcreneu (whether lug or lend) in 
very large the current, king nut uf step with tlm volte, in 
alumni imUlm. This is the nvm with current* lluwing 
through a chukitig-cuil ur into a condenser, if thu ruinate 
anew* are small 

470. High 'Frequency Current®.-* ~ The reactive 
clfacU of inductance and capacity increase if the frequency 
in increased. The frequency used in electric, lighting in 
from ftt) to JUO cycles per second. If high frequencies 
of 1000 or more cycles jht mwond art' maul the reaction* 
urn excessive, In such ruses the current* tin nut Jlnw 
equally through tlm mwiuserthm uf the conducting win*, 
hut are eon lined mainly to its outer surface, even thick 
rods of nqqwr ottering great impedance, Kven at a 
frequency of 100 the current at a depth of millimetres 
from the surface is (in cupper) only about | of its value 
in the surface luyera, In iron wires the depth of Urn 
skin fur | value u about 1 millimetre. Fur such rapid 
oscillation* as the discharge of a bey den jar, where the 
frequency m several miliums, the conducting skin i« prob- 
ably hm than of a millimetre thick, Hollow tubes 
In iimh mmn conduct just m well an solid rods of same 
miter elkmeter, The eomlucUmea k proportional not to 
auction but to Perimeter, 
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Whenever a current is not distributed equally in the 
cross-section of any conductor there is a real increase in 
tlie resistance it offers ; the heating effect being a mini* 
mum when equally distributed. The fact that the 
oscillatory currents are greatest at the skin gives the 
strongest support to the modern view that the energy in 
an electric circuit is transmitted hy the surrounding 
medium and not through the wire (see Art. 519 on 
energy-paths). 

477. Alternate - current Electromagnets. — 
When an alternate current is sent through a coil it 
produces an alternating magnetic field. An iron core 
placed in the alternating field will he subjected to a 
periodic alternating magnetization. Electromagnets for 
alternate currents must have their iron cores laminated 
to avoid eddy- currents ; and owing to their choking 
action are made with fewer turns of wire than if designed 
for continuous currents of equal voltage. They repel 
sheets of copper owing to the eddy-currents which they 
set up in them ; the phase of these eddy-currents being 
retarded by their self-induction. Elihu Thomson, who 
studied these repulsions, constructed some motors based 
on this principle. A solenoid, with a laminated iron 
plunger, if supplied with alternate currents at constant 
voltage, has the remarkable property of attracting the 
core with much greater force when the core is protrud- 
ing out than when it is in the tube. This also is owing 
to the choking action. 


Lesson XLIV. — Alternate-current Generators 

478. Alternators. — The simple alternator (Fig. 243), 
with its two slip-rings for taking off the current, is merely 
typical. In practice machines are wanted which will 
deliver their currents at pressures of from 1000 to 5000 
volts, with frequencies of from 50 to 120 cycles per second. 
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used in England, is depicted in Fig. 259. The tliin 
armature coils are fixed, in an external stationary ring, 
between two crowns of poles revolving on each side of 
them. These poles are, however, all N-poles on one side, 
and all S-poles on the other, being projections of two 
massive iron pole-pieces fixed on the shaft against a huge 



Fig. 259. 


internal bobbin, thus constituting a solid simple form of 
field-magnet. On the end of the shaft is a small continu- 
ous-current dynamo as exciter. 

In Fig. 260 is given a view of the central generating 
station for the electric lighting of the city of London. 
Two kinds of alternators (Thomson-Honston and Mordey) 
are used. The cut shows one of the latter driven by an 
800 horse-power steam-engine. Each of these machines 
has 40 poles in each crown, and can deliver 250 
amperes at 2200 volts. 
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Fig * 260.— Central Generating Station of the City of London Electric Lighting Company. 
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479. Coupling' of Alternators.— In the use of two 
or more alternators on one circuit a peculiarity arises that 
does not exist with continuous-current dynamos, owing to 
differences of phase in the currents. If two alternators 
driven by separate engines are running at the same speed 
and at equal voltage, it will not do to join tlioir circuits 
by merely switching them to the mains if they aro not 
also in phase with one another ; or serious trouble may 
occur. In central station work it is usual to run several 
machines all in parallel. Now if two machines are 
feeding into the same mains each 
is tending to send current back to 
the other ; and if their electro- 
motive forces are at any instant 
unequal, that with the greater will 
tend to send its current the opposite 
way. through the other. To explain 
what occurs consider Fig. 201, 
which is a revolving diagram of 
the same kind as Figs. 251 and 
254. If the two alternators are 
exactly in step they will both be sending a pulse of current 
toward the mains at the same moment, but, so far as the 
circuit connecting them is concerned, these impulses will 
be exactly opposed. Let OA and OB represent these 
two exactly-opposed impulses. Now suppose one of the 
;wo machines to gain a little on the oilier, OA shifting 
orward to OA'. The two electromotive- furrow no longer 
balance, but will have a resultant OE tending to make tv 
current oscillate through the two machines, this current 
)eing out of phase both with, the loading machine A and 
vith the lagging machino B. But this local current will 
tself lag a little in phase behind OK because of the in- 
.uctance in its path. Lot tho phase of the current then 
e indicated by 00, which is set hack a little. Thera 
i now a current surging to and fro between Urn two 
lachiuos, and it is obviously more nearly in phase with 
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OA than with OH, Thin menus that in the loading 
machine A the volts and amperes tiro more nearly in phase 
with one another than in the lagging machine B. liefer- 
tmee to ArK 430 ttml 445 will at once show that the cur- 
rent in helping to drive H as a motor, and that a greater 
mmdwmcal eilbrfc will he thrown on A, which is acting 
mure it* a generator. Hence this interchange of current 
tomb* automatically to Bring up the lagging machine and 
to Wl the loading machine. They will come hack into 
pint*©. All alternators of good construction, suitably 
driven will run together in jwrallol, even though then 
tdtuUrumtilive-forccH are unequal, On the other hand, if 
two stltornntorH are joined in series, the resulting current, 
when they are ever ho little out of phase, tends to load the 
lagging machine and hasten the leading one till they get 
into com phi to opposition of phase, one running entirely as 
generator, the other entirely m motor. This is excellent 
for tranamixuiion of power from an alternator at one end 
of a line to a synchronous alternator at the other i the 
two machines keep atop at all loads. But they will not 
run together in series if both are to act as generators, 
utile** rigidly coupled together on the same shaft, 

To prevent accidents arising from too sudden a trans- 
fer of current between two machines it is usual in lighting 
•talioti* to employ a stynchrmiistfr, a device to indicate the 
phwes of the alternations. When an alternator is to bo 
a witched into circuit (in parallel with on© or more others) 
the operator does not turn the switch until (speed and 
vutto being both right) the electromotive-force of the 
machine has coma exactly into identical phase with that 
of the circuit into which it k to be introduced. 

Lxrt&OK XLV . — Trmtformra 

480, Alternate- Current Transfbrmere.— Trans- 
farmer® are needed In the distribution of currents to a 

(»1fiw.Unnna to tha h mi arm riAAfl lnw 


mnciple of transformation was briefly touched in 
228. Alternate-current transformers are simply 
;ion-coils having well-laminated iron cores, usually 
n, soft sheet-iron strips piled together, and shaped 
;o constitute a closed magnetic circuit. Upon the 
ire wound the primary coil to receive the ulturnat- 
rrent, and a secondary coil to give out oilier al tor- 
currents. Usually the primary consists of many 
Df fine copper wire, very well insulated, to receive 
1 current at high pressure ; and the secondary of a 
ens of thick copper wire or ribbon, to give out a 
larger current at low presnuro. 
transform down from about 2000 volts to 100 
he ratio of the windings will be 20 : 1. What- 
te ratio of the voltages, the currents will be about 
inverse ratio, since, apart from the inevitable small 
n transformation, the power put in and taken out 
‘ equal. Taking the above case of a transformer 
20 : 1 as the ratio of its windings, if wo desire to 
t of the secondary 100 amperes at 50 volts, wo 
.it into the primary at least 5 amperes at 1000 volts, 
icattered districts a small transformer its provided 
i house, the lamps being in the low pressure eir- 
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Low Pressure Mains 
Fig. 20ii. 


fn cities large transformers are placed in sub. 

from which issue this low-pressure mains dis. 
g the current to the bouses. Fig, 202 shows 
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in diagram thu urn* of transformers on a distributing 
nyiiU'M. 

# 4B1, BUementary Theory of Transformers.— 
if the primary volu am maintained constant, tlio 
secondary volts will bn nearly constant also, and ttio 
ftpjwnlu* becomes beautifully self ~ rcguluting, more 
current flowing into the primary of iUulf when more 
htiujm are turned on in the, secondary circuit This 
arm** from the choking died of self-induction in the 
primary. If im lamps are on thu secondary circuit the 
primary mil simply nets as a clinking-coil When all 
l he lamps nm cm, the primary acts as a working-coil to 
induce currents in the secondary, When only half the 
lamp* are «m, thu primary acts partly as a uhoking-coil 
and partly tm a working mil. 

ta’t Vj Im thu volts at the primary terminals, V tJ 
Uuino at the iucomlary terminals ; tt x tlio number of turns 
in the primary coil, 8 g the number in the secondary ; r 3 
the internal resistance in the primary, r a that of the 
mwoudary, Call thu ratio of transformation k** Sj/Sj. 
The aUenmtiuns of magnetism in the core will set up 
deetnmmtive* forces Kj and in tho two coils strictly 
proportional to their respective numbers of turns (if there 
is no magnet ie leakage) ; so K^Ej/Zej and since (apart 
from tmmti hysteresis Iomcm) K,(!, w KjjCIj,, it follows that 
i'i^ tyk Thu volts lost in primary are ^Up those in 
secondary r s V r Hence we may write 

V,~1 5,+r.l!,, 

V a -K u -*•/!,, 

Writing the Urd m Hj ** V 3 - i\(\ - Vj - and 

inserting E Jk fur K.j hi thu second eijualiun, wo get 



which show* that everything goes on in the secondary ai 
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though the primary had been removed, and we had sub- 
stituted for Y 1 a fraction of it in proportion to the 
windings, and at the same time had added to the internal 
resistance an amount equal to the internal resistance of 
the primary, reduced in proportion to the square of the 
ratio of the windings. We also see that to keep the 
secondary volts constant the primary generator must be 
so regulated as to cause the primary volts to rise slightly 
when much current is being used. The currents in the 
two coils are in almost exact opposition of phase ; they 
reach, their maxima at the same instant, flowing in oppo- 
site senses round the core. The efficiency of well-con- 
structed transformers is very high, the internal losses 
being a very small percentage of the working load. 

482. Continuous-current Transformers 
(Motor-dynamos). — To transform continuous currents 
from one voltage to another it is necessary to employ a 
rotating apparatus, which is virtually a combination of a 
motor and a generator. For example, a motor receiving 
a current of 10 amperes at 1000 volts may be made to 
drive a dynamo giving out nearly 200 amperes at 50 
volts. Instead of using two separate machines, one 
single armature may be wound with two windings and 
furnished with two commutators ; the number of turns in 
the windings being proportioned to the voltages, and 
their sectional areas to the amperes. Such motor-dynamos 
are in use. The elementary theory of these is the same 
as that in Art. 481, E x and E a now standing for the 
electromotive - forces respectively induced in the two 
windings on the revolving armature. 

483. Continuous -alternate Transformers. — 
Revolving machinery equivalent to a combination of a 
continuous -current dynamo and an alternator may be 
used to transform continuous currents into alternating, 
or vice versa , one part acting as motor to drive, the other 
as generator. In this case also two separate machines 
need not always he used. Fig. 203 represents in diagram 
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n simple routing armature having both a split-tube com 

mutator to collect cantin- 



mm* currents, and a pah 
of dip-rings or alternating 
currents. Hindi a machine 
may convert continuous 
currents into alternating, 
or alternating into contin- 
uous. Or it may act as o 
motor if supplied witli 
either kind of current; oj 
if driven mechanically, generate Loth kinds o 


-m. 


may 

current at the muue time. 
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484, JJt©mat#»ourrent Motors. — We have seci 
(Art, 4711) Unit one alternator can drive another as 
motor, the two machines in series working in synchronte 
Thera are two disadvantages in such motors- — (i) that the; 
are tu»t self* ‘Starting, hut must he hrought up to apae< 
bciforti the ninvut is applied ; (ii) that their hold-magnet 
must W aejHimtely excited. Other forms of motor hav 
emmnjutuitly heen sought, Ordinary continuous-currcn 
motors, if modi* with laminated iron magnets, will worl 
though nut well, with alternating currents. 

The modern al tomato- current motor haw develops 
from the projawala of Hurd (1887), Ferrari* (1888), on 
Tenia (1888) tu employ two or more alternating cuxreni 
in different phaarn 

486. Polyphase Currents.— It is obviously poi 
by placing on the armature of an alternator t\\ 
si'pamtts sots of coils, one a little ahead of the other, i 
obtain two alternate currents of equal frequency an 
sit^ngth* but differing in phase by any desired dogre 
Uramme, imbed, constructed alternators with two or 
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witli three separate circuits in 1878. If two equal alter- 
nate currents, differing in phase by one -quarter of a 
period, are properly combined, they can be made to pro- 
duce a rotatory magnetic field . And in such a rotatory 
field conductors can be set rotating, as was first sug- 
gested by Baily in 1879. Con- 
sider an ordinary Gramme ring 
(Fig. 264) wound with a continuous 
winding. If a single alternating 
current were introduced at the 
points AA' it would set up an 
oscillatory magnetic field, a N-pole 
growing at A, and a S-pole at A', 
then dying awa} r and reversing in 
direction. Similarly, if another 
alternate current were introduced at BB', it would 
produce another oscillatory magnetic field in the RB' 
diameter. If both these currents are set to work hut 
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timed so that the BB' current is \ period behind the 
A A' current, then they will combine 
I A to produce a rotatory magnetic field, 

though the coil itself stands still. 
This is quite analogous to the well- 
ttuT <§ jSrj known way in which a rotatory 
motion, without any dead points, can 
he produced from two oscillatory 
ug. 265. motions by using two cranks at right 

angles to one another, the impulses being given J period 
one after the other. The above combination is called 


a di-phase system of currents. If the BB' current is 
\ m period later than the A A' current, the rotation in 
Fig. 265 will be right-handed. Another way of generat- 
ing a rotatory field is by a iri-fihase system* (or so-called 
fc dreh- strom ”) of currents. Let 3 alternate currents, 
differing from one another by ^ period (or 120°), be led 


* Tri-plinso currents were used in tlio famous Frankfort transmission 
of power in 1891. Sou Art. 447. 
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into the ring at the points A B 0. Thu currant flows in 
Hrrt at A (and out by B and (I), then at B (flowing ont 
by U and A), than at 0 (out by A and B), again produc- 
ing a revolving magnetic Held, This is analogous to a 
Jbernnk engine, with the emnka set at 12() y apart 

There aw several ways of combining the circuits that 
receive the ennvuU of the various phases. For example, 
the windings of Fig. 2(U might bo divided into four 
separate eotk, each having one end joined to a common 
junetioUj ami the four outer unda joined respectively to 
the four Hue wires. Or the windings of Fig. 2C5 might 
W arranged an three separate coils, each having one end 
joined to a common junction, and with the three outer 
ends joined respectively to the three lino wires. Such 
arrangement** would bo called star groupings, as dis- 
tinguished from the mmh groupings of tba cuts. Alsc 
the coil*, in whichever way grouped, need not bo wound 
upon a ring. Thu two-phase coils of Fig, 264 might be 
wound upon four inwardly-projecting pole-pieces ; and 
the three-phase coils of Fig. 205 might be wound npor 
threw inwardly -projecting pole- pieces. Or in largci 
multipolar machines a lb rise phase set of coils might b( 
arranged upon a set of nix, nine, twelve, or more polos, ir 
regular nuceesmoii. 

480, Frox^rfcies of the Botatory Field — 
Aaynohronoua Motors. -In such rotating magnetii 
tic liia niiwfs of metal at once begin to rotate. A magne 

um« of iron, pivoted centrally, can bike up a syn 
idmmuuti motion, but may require to lrn helped to start 
Any pivoted maos of good conducting metal, such a 
vopjaw, will also lw set in motion, and will be self-start 
Jng, but will not be synchronous. In such a contrei 
maw, or rohir, mldy-currenU are set up (just as in Avago’ 
rotations, Ark 457), which drag the metal mass and tern 
to turn in The strength of these currents in the rotatinj 
part depends on the relative speed of the field and th 
rotor, If the rotor were to revolve with speed equal t 
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the revolving field, the eddy -currents 'would die away, 
and there would he no driving force. The rotor actually 
"used in such motors consists of a cylindrical core built up 
of thin iron disks, over which is built up a sort of squirrel 
cage of copper rods joined together at their ends into a 
closed circuit. In some forms (designed by Brown) the 
rods are inserted in holes just below the surface of the 
core. The revolving part has no commutator or slip- 
rings, and is entirely disconnected from any other circuit. 
It receives its currents wholly by induction. Such 
asynchronous motors start with considerable torque (or 
turning moment) and have a high efficiency in full work. 
Similar motors for use with ordinary or single -phase 
alternate currents are now in use. To start them it is 
necessary to split the alternate current into two currents 
differing in phase. This is done by the use of a divided 
circuit, in the two branches of which different reactances 
are introduced. If in one branch there is a choking- 
coil to offer inductance, the current in that branch will 
be retarded ; if in the other there is a condenser, the 
current in this branch will be accelerated in phase. Com- 
bining these two currents a rotatory field is produced for 
starting the movement. When once the motor has started 
a further turn of the switch simply puts on the alternate 
current, as at AA' in Tig. 264, and it continues to he 
driven, though the impulse is now only oscillatory. 
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487. Blootromotivo-foroe of Polarization. 
This mtnplu laws of definite chemical action duo to 1 
current having been laid down in Lobhuu XIX., it reraa: 
t*» consider the relations between tho chemical energy a 
iU electrical equivalent Whenever an electrolyte 
iW<mi|Kwd by a current, the resolved ions have a toi 
nicy to reunite*, that tendency being commonly tom 
u chemical an'mily. 11 Thus when zinc sulphate (ZnS0 4 ] 
split up intts Ya\ find S0 4 tlm zinc tends to dissolve* agi 
into the with ion, and ho spread the potential energy 
tins ayatem. But zinc dissolving into sulphuric acid 8 
up tin electromotive-force of definite amount; and to t 
the zinc away from the milplmrie acid requires an elect 
motive force at least m great an this, and in an oppoe 
direction to it So, again, when acidulated water 
decom|Hw«l in a volumeter, tho separated hydrogen a 
oxygen tend to reunite and set up an opposing elect: 
motive* force of no less than V47 volts. This opposi 
idcctroumtivivfoms which is in fact tho measure of th 
11 chemical itiHuity,” in termed the eluetromotive-lbrce 
polarixnliott. It win be observed in any water voltame 
(Art 143) by simply disconnecting the wires from 1 
battery and joining them to a galvanometer, when 
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cent will be observed Rowing back through the volta- 
;er from the hydrogen electrode toward the oxygen 
strode. The polarization in a voltaic cell (Art. 175) 
duces an opposing electromotive-force in a perfectly 
ilar way. 

Now, since the affinity of hydrogen for oxygen is 
resented by an electromotive-force of 1*4 7 volts, it is 
ir that no cell or battery can decompose water at 
inary temperatures unless it has an electromotive-force 
it least 1*47 volts. With every electrolyte there is a 
ilar minimum electromotive-force necessary to produce 
lplete continuous decomposition. 

488. Theory of Electrolysis. — Suppose a current 
convey a quantity of electricity Q through a circuit 
which there is an opposing electromotive-force E : 
work done in moving Q units of electricity against 
j electromotive-force will he equal to E x Q. (If E 
. Q are expressed in “ absolute )} C.G.S. units, E x Q will 
in ergs.) The total energy of the current, as available 
producing heat or mechanical motion, will be dimm- 
ed by this quantity, which represents the work done 
inst the electromotive-force in question. 

But we can arrive in another way at an expression for 
j same quantity of work. The quantity of electricity 
passing through the cell will deposit a certain amount 
metal : this amount of metal could be burned, or 
iolved again in acid, giving up its potential energy as 
t, and, the mechanical equivalent of heat being known, 
equivalent quantity of work can be calculated. Q 
ts of electricity will cause the deposition of Q# grammes 
an ion whose absolute electro-cliemical equivalent 
[For example, z for hydrogen is *0001038 gramme, 
ig ten times the amount (see table in Art. 240) 
osited by one coulomb, for the coulomb is ^ of the 
)lute C.G.S. unit of quantity.] If H represents the 
tiber of heat units evolved by one gramme of the 
3tance, when it enters into the combination in ques- 
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lion, then Q zU roprownln th« vul \u\ (in hunt wiita) of the 
chemical work done hy the ihnv of the Q uniU ; and this 
value can immediattdy bo Imnnlated into ergs of work 
hy multiplying hy JouIu’h equivalent J (*« 42x10°). 
[Hen Table cm page 5 1 2.] 

Wo 1m ve therefore the following equality 

KQ ^ QslIJ ; whence it full own that 
K slid ,* or, in word*, the electromotive-force 
of any chemical reaction in equal to the product of the electro- 
chemical equivalent of the separated ion into its heat of 
combination , expressed in dynamical unit #. 

Examples. *~~( 1 ) KhrinmwUrcforce of Hydrogen tending to 
unite with ( Keg yen. For Hydrogen z ' *0001038 II 
(heat of combination of one grtunmu) rs 84000 gramnio- 
degroe-unlts j J ■ 44 x lOl 

*0001088 x 84000 x 42 x!0« « V48xW "absolute" 
unit! of clectromotive-forco, or se 1*48 volts, 

(3) Elect romot tm force if 2iino dissolving into Sulphuric /lew?, 
« - *00887 ; II - 1070 (according to Julian Thorn- 
inn); J 4*2 x \Q*. 

*00887 X 1070 x 42 x 10" - 2*804 x 10”, 
or • 2*804 volts. 

(3) EMfomotUr force if Copper dissolving into Sulphuric 
Arid, z - *00847 ; If - 009*0; J 42 x 10 rt . 

*00347 x 000*5 x 4*2 x 10* - 1*240 x 10”. 

or *=4 1*240 volts. 

(4) MeatmmoUm force of a Danlell'a Cell. Here zinc is 
cliHRolml at one pole to form sdua milphate, the chemical 
action Hotting up a *F cdcctromottv(i*for<sa, while at the 
other poles copper }h deposited hy the current out of a 


* The figures given In tluwo examples as well as those cm p, fiia for the 
boat of combination mimt ho taken an only approximate. The lioab of 
combination In different at different temperatures, and the heat evolved by 
the unit dissolving in water must also be taken Into account. Bsmot 
figures have not yet been ascertained, In fact von Helmholtz showed 
that the expression ®HJ is Incomplete, ami that to it should be added a 
term fi'dlS/cll, wherein 0 la the absolute temperature of the cell. 
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solution of copper sulphate, thereby setting up an oppos- 
ing (or — ) electromotive-force. That duo to zinc is 
shown above to be -f 2*364 volts, that to deposited 
copper to be - 1*249. Hence the net electromotive- 
force of the cell is (neglecting the slight electromotive- 
force where the two solutions touch) 2*364 - 1*249 s= 
1*115 volts . This is nearly what is found (Art. 181) in 
practice to be the case. It is less than will suffice to 
electrolyze water, though two DanielVs cells in scrios 
electrolyze water easily. 

Since 1 horse -power- hour = 746 watt - hours = 746 
ampere-hours at 1 volt, it follows that at V volts the 
number of ampere-hours will — 746 rV. Now as the 
weight of zinc consumed in a cell is 1*213 grammes per 
ampere-hour (when there is no waste), the consumption 
will be as follows : — 


Weight of zinc nsed \ 746 

per horse-power-hour j y~ 


x 1 *2 1 3 grm. = - lbs. 


Hence the quantity of zinc that must be consumed to 
generate 1 horse-power-hour in any battery of cells cannot 
be less than 2 lbs. the available volts of a single cell of 
the battery. 

Example.— -It a new cell can be invented to give 2 volts at its terminals 
when in full work, a battery of sncli cells, however arranged, will 
consume 1 lb. of sine per hour per horse-power, or 1*8*1 lbs. nor 
“ unit of supply (or kilowatt-hour). 

An equivalent quantity of exciting and depolarizing 
chemicals will also be used, and these will increase the 
total cost per unit. It is clear that as a source of public 
supply primary batteries consuming zinc can never com- 
pete in price with dynamos driven by steam. The actual 
cost of coal to central stations in London is from 1 to 
lit pence per "unit" ; and the maximum legal price that 
a supply company may charge in Great Britain for electric 
energy is eightpence per " unit." See Art. 440. 

489. Electro-Chemical Power of Metals. The 

accompanying Table gives the electromotive-force of the 
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the metals stand j n their power to replace one another 
(in a solution containing’ sul.pl xurie acid). In thin order, 
too, tlie lowest on the list nro tho metals deposited first 
by an electric current iroiu Holutions containing two or 
more of them : for that metnl cornea down first which 
requires the least expenditures of energy to separate it 
from the elements with which it waa combined. 

490. General Laws of IBlectrolytio Aotion.— • 
In addition to Faraday's quantitative laws given in Art. 
240, the following are important : — 

(a) Every electrolyte is decomposed into two portions, 
xn anion and a kntiou, which may he. themselves either 
simple or compound. Xu the case of simple binary com- 
pounds, such as fused salt (NhCI), the. ions art* mmi>lo 
dements. In other cases the products are often cum- 
plicated by secondary actions*. It is oven possible to 
leposit an alloy of two metals — —brtm, for example — from 
i mixture of the cyanides of zinc ami of copper, 

(b) In binary compounds and most metallic solutions, 
lie metal is deposited by tlie current where it leaves tin* 
ell, at the kathode. 

(c) Aqueous solutions of emits of the me tala of tho 
dkalies and alkaline earths deposit no metal, hut evolve 
lydrogen owing to secondary action of the metal upon the 
vater. From strong solutions of caustic potash ami soda 
.)avy succeeded in obtaining metallic sodium and 
►otassium, winch were before unknown. If electrodes of 
iicrcury are employed, an amalgam of chlier of them* 
ictals is readily obtained at (,1m kathode. The. Hn-cvillecl 
mmonium -amalgam is obtained by elertroly/.i ng a warm, 
brong solution of Hahumnoniue between mercury clue- 
codes. 

(f l) Metals can be arranged in a definite series accord - 
ig to their elect, roly tic behaviour; cadi mclal on tin* 
nt behaving as a kation (or being “ clectropusilivc. ”) 
hen electrolyzed from its compound in preference to 
tie lower down on tho list. In such a series the oxidise* 
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able metals, potassium, sodium, zinc, etc,, come IiihL • the. 
less oxidiznblo or 44 electronegative ** metals preceding 
them* The order varies with the nature, strength, and 
temperature of the solution used. 

(r) From a solution of mixed metallic salts the least 
electropositive metal is not deposited first, if the current 
is ho strong relatively to the size of the kathode uh to im- 
poverish the solution in its neighbourhood, To deposit 
alloys a solution must be found in which both metal h 
tend to d involve with equal ulcctromotivo«fom*H, 

(/) The liberated ions appear only at the. electrodes. 

(ij) For each electrolyte a minimum dectrmotivvjom 
fa requisite, without which complete electrolysis cannot he 
effected, (See Art. 491.) 

(h) If the current be of less electromotive- force 
than the requimte minimuni, electrolysis may begin, and 
a feeble current (low at first, but no ions will be liberated, 
the current being completely stopped as mum oh the 
opposing cdwjtromcitive-foree of polarization has risen to 
equality with that of the electrolyzing current. 

(i) Thera is no opposing electromotive-force of polar- 
ization when electrolysis is effected from a dissolving 
Anodn of the same metal that ia being deposited at the 
kathode. The feeblest cell will suffice to deposit copper 
from sulphate of copper if the anode be a copper plate. 

( j ) Where the ions are gases, pressure affects the 
conditions but slightly. Under 300 atmospheres acid- 
ulated water is still electrolysed ; but in certain cases 
a layer of acid so dense as not to conduct collects at 
the anode and stops the current, 

(/e) The chemical work done by a current in an 
electrolytic cell is proportional to the minimum electro- 
motive-force of polarization. 

(1) Although the electromotive force of polarization 
may exceed this minimum, the work done by the current 
in overcoming this surplus electromotive-force will not 
appear as chemical work, for no more of the ion will ho 
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liberated ; but it will appear as an additional quantity 
of beat (or “local beat”) developed in tlic electrolytic 
cell. 

(hi) Obin’s law bolds good for electrolytic conduction. 

(n) Amongst tbe secondary actions wbicli may occur 
the following are the chief : — - 

(1) The ions may themselves decompose 5 as SO 4 into SO^-I-O. 
(2) The ions may react on tlie electrodes ; as -when acidulated 
water is electrolyzed between zinc electrodes, no oxygen being 
liberated, owing to the affinity of zinc for oxygen. (3) The ions 
may be liberated in an abnormal state. Thus oxygen is frequently 
liberated in its allotropic condition as ozone, particularly when 
permanganates are electrolyzed. The “nascent” hydrogen liber- 
ated by the electrolysis of dilute acid has peculiarly active chemi- 
cal properties. So also the metals are sometimes deposited ab- 
normally : copper in a black pulverulent film ; antimony in 
roundish gray masses (from the terchloride solution) which possess 
a curious explosive property. When a solution of lead is electro- 
lyzed a film of peroxide of lead forms upon the anode. If this bo 
a plate of polished metal placed horizontally in the liquid beneath 
a platinum wire as a kathode, the deposit takes place in symmet- 
rical rings of varying thickness, the thickest deposit being at the 
centre. These rings, known as Nobili’s rings, exhibit all the tints 
of the rainbow, owing to interference of the waves of light occur- 
ring in the film. The colours form, in fact, in roversod order, the 
“colours of thin plates” of Newton's rings. 

491. Hypotheses of G-rotthuss and of Clau- 
sius. — A complete theory of electrolysis must explain— 
firstly , the transfer of electricity, and secondly , the transfer 
of matter, through the liquid of the cell. The latter 
point is the one to which most attention has been 
given, since the “migration of the ions 99 (i.e. their trans- 
fer through the liquid) in two opposite directions, and 
their appearance at the electrodes only , arc salient 
facts. 

The hypothesis put forward in 1805 by Grottluisa 
serves fairly, when stated in accordance with modem 
terms, to explain these facts. Qrotthnss supposes that, 
when two metal plates at different potentials are placed 
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in a cell, the first elleet produced in Urn liquid is tliat 
the molecules of tin* liquid arrange, themselves in in- 
numerable chains, in which every molecule lma its 
comdiluenl atoms pointing in a certain direction ; the 
ntniu of elect rnjwwitivi*. substance. being attracted toward 
Die kaUmde, and the fellow atom of electronegative 
Miiwtnmv being at tract od toward the anode. (This 
iiwium'H that tlie constituent atom# grouped in the mole- 
rule retain their individual electric properties.) The 
diagram of Fig. SUM shown, in the cuho of hydrochloric 


Fig. sou, 


nuid, a first row of molecule# distributed at random, and 
ntuuitidly grouped in n chain a# described. The action 
which "Urottlnnm then mipposea to take place is that an 
interdmugu of partner# go m on between the separate atoms 
nil along the line, each II atom uniting with the Cl atom 
belonging to the neighbouring molecule, a -1- half mole- 
cule of hydrogen being liberated at the kathode, and a 
- half molecule of chlorine at the anode. Tin# action 
would leave (he molecule# a# in the third row, and 
would, when repeated, result in a double migration of 
hydrogen atoms in one direction and of chlorine atoms 
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in the other ; the free atoms appearing only at the elect- 
rod^ and every atom so liberated discharging a certain 
definite minute charge of electricity upon the electrode 
where it was liberated.* 

Clausius sought to bring the ideas of Grottlmss into 
conformity with the modern kinetic hypothesis of the 
constitution of liquids. He supposes that in the usual 
state of a liquid the molecules are always gliding about 
amongst one another, and their constituent atoms are 
also in movement, continually separating and recombining 
into similar groups, their movements taking place in all 
possible directions throughout the liquid. But under 
the influence of ail electromotive-force these actions are 
controlled in direction , so that when, in the course of the 
usual movements, an atom separates from a group it 
tends to move either toward the anode or kathode ; 
and if the electromotive-force in question be powerful 
enough to prevent recombination, these atoms will he 
permanently separated, and will accumulate around the 
electrodes. This theory has the advantage of account- 
ing for a fact easily observed, that an electromotive-force 
less than the minimum which is needed to effect com- 
plete electrolysis may send a feeble current through au 
electrolyte for a limited time, until the opposing electro- 
motive-force has reached an equal value, Von Helmholtz, 
who gave the name of electrolytic convexion to this pheno- 
menon of partial electrolysis, assumed that it takes place 
by the agency of uncombined atoms previously existing 
in the liquid. 


* Mr. G. J. Sbonoy lias rockonod, from emiHldomUous Kmudad on 
the size ol atoms (ub enlenlatod by LoHishmidl anti Lord Kelvin), Hint 
for every chemical bond nvpturod, a charge of HO- of a coulomb 3b 
transferred. [TO. Bwldn Hays 17x10 — -<> coulomb.) This ([limit Ity would 
appear tlicimfovo to bo tlm mittivnl atmnlo charge or null. To tear min 
atom of hyclz'otfcm from a hydrogen compound tills amount of electricity 
must bo Bent through 11,. To liberate an atom of zinc, or any otluw di- 
valent metal from its compound, implit'K tlm transfer of twine thi« amount 
of electricity. 
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402, Accumulators or Secondary Batteries, 

A voltameter, or nor ion of voltameters, whoso electrodes 
mo thus charged respectively with hydrogen and oxygen, 
will nerve an secondary batteries , in 
which the energy of a current 
may he stored up and again given 
out. Ritter, who in 1803 con- 
structed a secondary pile, used 
ulcctrodu* of platinum. It will 
he seen that such cells do not 
lUT.nmnlnlu or store electricity ; 
what they accumulate i« energy, 
which they store in the form of 
chemical work. A secondary cell 
resembles a Leyden jar in that 
it can he charged and then dis- 
charged. The residual charges of 
Leyden jars, though small in 
quantity and transient in their 
discharge, yet uxaetly resemble 
the polumati on-charges of volta- 
meters, Varloy found 1 sq. cen- 
tum of platinum foil in dilute 
acid to act tvs a condenser of 
about 03 microfarads’ capacity, 
when polarized to a potential- 
di (bronco of l volt. Gaston Plante, in 1800, devised a 
Mcondary cell consisting of two pieces of sheet lead 
rolled up (without actual contact) as electrodes, dipping 
into dilute sulphuric acid, as in Fig. 267. To “form” 
or prepare the lead it was charged with currents whioh 
after a time were reversed in direction, and after a further 
time again reversed, until, after several reversals, it became 
coated with a muni-porous film of brown dioxide of lead 




on the anode plate ; tlie kathode plate assuming a spongy 
metallic state presenting a large amount of surface of 
high chemical activity. When such a secondary battery, 
or accumulator , is charged by connecting it with a dynamo 
(shunt- wound), or other powerful generator of currents, 
the anode plate becomes peroxidized, while the kathode 
plate is deoxidized by the hydrogen that is liberated. 
The plates may remain for many days in this condition, 
and will furnish a current until the two lead surfaces are 
reduced to a chemically inactive state. The electro- 
motive-force of such cells is from 2*0 to 1*85 volts during 
discharge. Plante ingeniously arranged batteries of such 
cells so that they can be charged in parallel, and dis- 
charged in series, giving (for a short time) strong currents 
at extremely high voltages. Paure, in 1881, modified 
the Plante accumulator by giving the two lead plates a 
preliminary coating of red-lead (or minium). When a 
current is passed through the cell to charge it, the red- 
lead is peroxidized at the anode, and reduced — first to a 
condition of lower oxide, 
then to the spongy metallic 
state — at the kathode, and 
thus a greater thickness of 
the working substance is 
provided, and takes far 
less time to “ form” than 
is the case in Plantes cells. 

Iu modern accumulators 
the red-lead (or litharge), 
freshly mixed with dilute 
sulphuric acid to the form 
of a paste, is pressed into 
the holes of a leaden 
grid, shaped so as to Flg * 268, 

give it a good mechanical attachment. Dining the sub- 
sequent process of “ formation tlie hardened paste is 
reduced on one plate and peroxidized on the other. A 
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cell i.f the kind kumvu a* Hi** K.l\S, roll is .shown in 
Kig, ihiH. Accumulator* air till made mi the 1 Miiiilt* 
method from metallic lead, wliirh is iir .4 finely divided 
on it* Kurlaor i* v some rmchanh al or chemical means, and 
then “formed** by prolonged charging, fells of (lii.s 
typo mv md w» subject to disintegration an paste cells 
ami umy be discharged at a greater rate, To keep ureii- 
mulntora in good condition they should In* charged up 
every day till full (known by bubbles vi^in>') mid not he. 
discharged l < mi quickly. Tim density of arid should 
never ho allowed lu exceed PSi nor full below J * 1 5 . 

493, Gvovo'h O-ius Battory, Sir \\\ drove da- 
vised a toll in which platinum electrodes, in coni, act 
respectively with hydrogen ami oxygen gun, replaced tin* 
UwU d xtutf and copper plates, Kadi of these gases in 
partially occluded hy the metal platinum, which, when 
ho treated, behave# like a diHmmt metal, 

Attempts* havn Iwen made to generate electricity on 
a larger scale hy tucjiua of gnu batteries. Mnwl ami 
Umgcr found that the greatest RM.K, to he obtained 
from a cell of hydrogen and oxygen, with tinely-dividd 
platimim n« collectors, was (K)7, the ilitferenee between 
this and thu theoretical, 1*47, being hmt in heal gener- 
ated by the euniUmsmtkm of the gaaim by Urn platinum. 

IjKHjHIN XLIX. tilnt rtulrjHitfititiH 

494. Bleotroiaatiillttrflry. - The applications of 
electro -ahem ialry to the industries are threefold. Finthj^ 
to the reduction of metals* from mdutiuns of their ores, 
the proctaw U vmeful in the accumte away of certain ores, 
ns, for example, of copper ; mtwUth to the copying of 
types, planter casta, and metalwork by kathode deposits 
of metal ; ihirdltj , to live covering of objects made of baser 
metal with a thin film of another metal, such m gold, 
silver, or nickel All thorn* operations are included under 
the general term of dfdrwmtalhtryij , 
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It is not established whether the reduction of aluminium 
in the electric furnace is partly electrolytic or whether it 
is purely chemical, hut the process may be mentioned 
here. Aluminium oxide is mixed with charcoal and 
placed between the ends of two thick carbon rods in a 
closed -firebrich furnace lined with charcoal. A current 
of several them sand amperes is passed between the carbon 
rods and the aluminium ore is melted and parts with its 
oxygen to carbon. The liberated aluminium is commonly 
allowed to alloy with some other metal, such as copper, 
previously added to the charge, and forms the famous 
aluniininm “bronze. Pure aluminium is now produced in 
large quantities by the electrolysis of fused cryolite, which 
is a double flnoride of aluminium and sodium. 

Copper of a high degree of purity is produced on a 
large scale b y suspending anodes of impure copper in a 
solution of copper sulphate and electrolytically depositing 
pure copper on the kathodes. The impurities such as 
arsenic beings more electronegative than copper are left 
in the bath. 

495. Elootrotyping*. — In 1836 De la Hue observed 
that in a X> ani ell’s cell the copper deposited out of the 
solution upon the copper plate which served as a kathode 
took the exact impress of the plate, even to the scratches 
upon it. Ixx 1839 Jacobi in St. Petersburg, Sj)encer in 
Liverpool, an cl J ordan in London, independently developed 
out of this fact a method of obtaining, by the electrolysis 
of copper, impressions (in reversed relief) of coins, stereo- 
type plates, and ornaments. A further improvement, 
due to Murray, was the employment of moulds of plaster 
or wax, coatecl with a film of plumbago in order to provide 
a conducting surface upon which the deposit could be 
made. Bronze in the form of a fine powder is much used 
instead of plumbago, being a better conductor. Jacobi 
gave to the process the name of galvano-filastic, a term 
generally abandoned m favour of the term electrotyping 
or electrotype process. 
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KliM'trot vpus t»f cupper are easily made by banging a 
»ui table mould in a cell containing a nearly saturated and 
slight ly acidulated solution uf sulphate of copper, and 
lining n current of a battery through the cell, the mould 
Metallized »»n iu surface being the kathode, a plate oJ 
copper being employed m mi anode, dissolving gradually 
intt* the liquid at a rate exactly equal to the rate ol 
deposition at the kathode, Thin use of a separate cell 01 
" bath ’* m more convenient than producing the electro- 
type* iii the actual cell of a Danielle battery. The 
peered largely employed at Urn present day to repro- 
duce rejHiunne and chased urnameut and other works oi 
m l in facsimile, and t<> multiply copies of wood blocks foi 
printing, Almost all the illustrations in this hook, foi 
example, imi printed from electrotype copies, and not 
from the original wood blocks, which would not wear sc 
well. In all deposition processes success largely dependt 
on having the proper current-density, To deposit metale 
that um more positive than hydrogen, such as aine or 
chromium, it m advisable to use concentrated solutions 
mid high current - densities, For metals that are less 
positive, such as cupper and silver, the current-density 
may be less* To procure a good tough deposit of copper 
thfunimmt should nut exceed 15 amperes per square foot 
of kathode surface. If a more rapid deposit is required, 
a dilution of nitrate of cupper should be used and kept in 
rapid agitation, 

To deposit iron (by the process known as ademye, or 
a very large sheet of iron is used as anode, 
and Urn liquid ujwkI is simply a solution of salaiumoniae 
in water. This solution is H charged ” witli iron by 
pacing the current for a little time through the hath 
prior to hmevting the object to be steal- facial. 

400. Mleotroplatlnaf,— In 1801 Wollaston observed 
that a piece of nilver, connected with a more positive 
meUtl, became coated with cupper when put into a solu- 
tion of copier. In 1805 Brugnatelii gilded two silver 
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medals by making them the kathodes of a cell containing 
a solution of gold. Messrs. Elkington, about the year 
1840, introduced the commercial processes of electro- 
plating. In these processes a baser metal, such as German 
silver (an alloy of zinc, copper, and nickel), is covered with 
a thin film of silver or gold, the solutions employed being, 
for electro-gilding , the double cyanide of gold and potassium, 
and for electro-silvering the double cyanide of silver and 
potassium. 

Fig. 269 shows a battery and a plating-vat containing 
the silver solution. As anode is hung a plate of metallic 



Fig. 269. 


silver which dissolves into the liquid. To the kathode 
are suspended the spoons, forks, or other articles which 
are to receive a coating of silver. The addition of a 
minute trace of bisulphide of carbon to the solution 
causes the deposited metal to have a bright surface. If 
the current is too strong, and the deposition too rapid, 
the deposited metal is grayish and crystalline. 

In gilding base metals, such as pewter, they are 
usually first copper-coated. The gilding of the insides of 
jugs and cups is effected by filling the jug or cup with the 
gilding solution, and suspending in it an anode of gold, 
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the Vessel itself Wing connected to tin- pole nf tho 
buttery, 

hi ^ilvi-rin*» or gilding objects of iron it is usual (iraf, 
(o plate t hum with a thin coating of copper deposited from 
an “alkaline ’* cupper bath containing uu ammonmeal solu- 
1 1 « tii nf cyanide nf cupper, Brass is deposited also iVmu 
an ammonmeal solution <«f tin* mixed cyanides nf copper 
and /inc. In the deposition of nickel a solution of tins 
double sulphate uf nickel and ammonium is used } the 
anode Wing a sheet nf mill'd (nr cash nickel. 

Kxeept nil the wry small scale batteries are now 
seldom used fur eleetrotyping and plating. A sltiml- 
wtmnd dyimmo designed In give a large output of current 
at f» to D> volts pressure in generally preferred. 

406a. Other Electrolytic ProooB8oe. The 
electrolytic, action of the current in now commercially 
employtal fur other purposes than the deposition of 
metals. By the elect roly of cliloridu of potassium 
under mutable conditions chlorate of potanh is now manu- 
factured in large quantities. Bleaching liquors containing 
hyi inchlnriteM can also he produced from chlorides, 
tkiUHtic mla is prepared by electrolysis nf common salt ; 
and several electrolytic methods uf disinfecting sewage 
have been proposed. 

It has also Wen shown that the slow processes of 
tanning can he neeetemted by the aid of electric, currents, 
the action being probably osmotic rather than electrolytic, 

It seems probable that ill the future the use of electric 
currents will enter largely into the chemical manufactures. 
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TELEGRAPHY 

Lesson L . — Electric Telegraphs 

497. The Electric Telegraph. — It is difficult to 
assign the invention of the telegraph to any particular 
inventor. Lesage (Geneva, 1774), Lomond (Paris, 1787), 
and. Sir F. Ronalds (London, 1810) invented systems for 
transmitting signals through wires hy observing at one 
end the divergence of a pair of pith-balls when a charge 
of electricity was sent into the other end. Cavallo 
(London, 1795) transmitted sparks from Leyden jars 
through wires “ according to a settled plan ” Soemmering 
(Munich, 1808) established a telegraph in which the 
signals were made by the decomposition of water in volta- 
meters ; and the transmission of signals by the chemical 
decomposition of substances was attempted by Coxe, R. 
Smith, Bain, and others. Ampfcre (Paris, 1821) suggested 
that a galvanometer placed at a distant point of a circuit 
might serve for the transmission of signals. Schilling 
and Weber (Gottingen, 1833) employed the deflexions of 
a galvanometer needle moving to right or left to signal an 
alphabetic code of letters upon a single circuit. Cooke 
and Wheatstone (London, 1837) brought into practical 
application the first form of their needle telegraph. Henry 
(New York, 1831) utilised the attraction of an electro- 
magnet to transmit signals, the movement of the armature 
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producing audible sounds according to a certain code. 
Mom’ (Ww York, IH87) devised a U* l (‘graph in which 
tln^ attrm-tiun of uu armature by an electromagnet was 
mini*' to mark a dot or a dash upon a moving atrip of 
pai^r. Su-inhvil (Munich, i Ha?) discovered that instead 
of a return wire the earth might lu» used, contact being 
nmde to earth at the two min by means of earth «platca 
(**■■ Fig, 274) mtnk in tin* ground. (Jintl (1853) and 
Strum# (Now York, 1 H 7 0) devised methods of duplex 
*igmillmg. Ntnrk (Vienna) and Bowselm (hoyden, 1855) 
invented diptrx mgimliiug, and Heaviside. (hnudon, 18*73) 
and Ktlinou (Newark, N.J., 1874) iiivented tjuadntplex 
telegraphy. Vurley (Loudon, 1870) ami Elisha Gray 
(Cltkitypt, 1B74) devised harmonic telegraphy For fast- 
«JhhhI work WhoAtAtono devised his automatic transmitter, 
in which tlw mgnu which represent thu letters are drat 
punched by machinery on strips of paper j these arc then 
run at a great spued through the transmitting instrument, 
which telegraphs them off at a much greater rate than if 
the w|«tnUe signals were telegraphed by hand, Hughes 
devised n lype»printing telegraph. Wheatstone invented 
nu A JIG telegraph in which signals are spelled by a hand 
which moves over a dial. Oowpor ( i B 7 (5) and Elisha 
Umy (lHt)ft) invented autogmphic writing telegraphs, 
For cable -working Lord Kelvin invented his mirror 
galvanometer and lirn delicate siphon-recorder. It is 
itnjswttihUi in these Lemons to describe mure than one or 
two of the simple ordinary forma of telegraph instrument 
now In urn* in Urtmfc Britain, Studenta desiring further 
information should consult the excellent manuals on 
Telegraphy by Mosim Praitcu and Hi vow right, and by 
Mr. Gulley, 

498. Single- Needle Instrument. — T1 i o eingle- 
instrument (Fig, 270) ccumata essentially of a 
vertiotl galvanometer, in winch a lightly-hung magnetic 
needle Is Uefleotud to right or left when a current is sent, 
In one direction or the other, around a ooil surrounding 
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tlie needle ; the needle visible in front of the dial is but 
an index, the real magnetic needle being behind. A code 
of movements agreed upon 
comprises the whole alphabet 
in combinations of motions 
to right or left. In order to 
send currents in either direc- 
tion through the circuit, a 
“ signalling -key ” or “ tap- 
per ” is usually employed. 

The tapper at one end of 
the line works the instru- 
ment at the other ; hut for 
the sake of convenience it 
is fixed to the receiving in- 
strument. In Pig. 270 the 
two protruding levers at the 
base form the tapper, and 
by depressing the right-hand one or the left-hand one, 
currents are sent in either direction at will. 

The principle of action will he made more clear by 



Fig. 270. 



Fig. 271. 


reference to Fig. 271, which shows a separate signalling 
key. The two horizontal levers are respectively in com- 
munication with the “line,” and with the return-line 


through "mrlli." When not in urn* both 1 i*vc*i*h spring 
up ugutii«l a rr*»i-» -»1 1 i | * of tnelal joined in this zinc polo 
m| lh«* kitten. At their farther end ia another cross 
*!np t win. h oMuimimiuit's with the copper (or 4*) pole 
«»f the Kit! cry. On deprewing the u Wm” key the 
ouivni nun through the line and hack by earth, or in 
she po.'siluv direction, On depressing live. “earth” key 
ale* life* key remaining in contact with the zinc- connected 
the current run* through the earth and hack by 
the lino, or in the n^jutitr. direction. Telegraphists 
ordinarily speak of these im positive and negative carrenia 
| expert i\ et\ , 

400, Thn Morses Instrument. — Thu most widely 
ttHrd iiiHirmui'iit at the premiut day U the Morse, It con- 


Local Battery 



SftNoma Battery 

m *. m. 


kIkU owiitmlly of nu i'l«ctrmnn«iiat, which, when a 
current }hw*m(m tlinmgh it* coil*, drown down nu armature 
for ?t dmri or n J.mg time. It may either bu arranged oa 
ri “tummUr," in whif-li raw Urn o|irral<.r who ia receiving 
Hu- mnuxige ilrtuiw Ui the flick*, ami notices whuLlior tlio 
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intervals between them are long or short ; or it may bo 
arranged as an “ embosser” to print dots and dashes upon 
a strip of paper drawn by clockwork through the instru- 
ment. In the most modern form, however, the Morse 
instrument is arranged as an tc ink-writer ” (Fig. 272), in 
which the attraction of the armature downwards lifts a 
little inky wheel and pushes it against a ribbon of paper. 
If the current is momentary it prints a mere dot. If 
tlie current continues to flow for a longer time while the 
ribbon of paper moves on the ink- wheel marks a dash. 
The International Morse code, or alphabet of dots and 


dashes, is as follows : — 



A . — 

K — . — 

U . . — 


B — ... 

L . — . . 

V ... — 


O — . — , 

M 

W. 


D — - . . 

N — . 

x 


F . 

0 

Y 


F . . — . . 

P . . 

X . . 


Or . 

Q . _ 

Full stop . . 

. , 

i r . . . . 

R . — . 

Repetition . . 


i . . 

S . . . 

Hyphen — . . 


j . 

- T — 

Apostrophe . - 

-- 


Tlie American Morse code differs in many respects from the 
International code, the signals for some of tlio loiters depending 



Pig. 27S. 


>11 tiie length of tlie spacings between the dots and dashes ; and 
norc than four marks are used to form some of the letters. 

The Morse key is shown in Fig. 273. The line wire 
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i « * !v*i vuili tin* *«ntnd pivnl A , A Hiring keeps 

tin ft »»ut . il l m| S la * 4 k» V t lrVut<’»l whrU lint ill One, ^0 
tin*? !?<» bi*« mu 4 i > in « uinmitiurtUinii llirottgh the ruar 
iii'l Ik*- Vfi will* tin* m* riving hmtnummt <»r 3*0! ay. 

tin* k»*> l»ir;ik’» t li i » i nmmmiieiitam* and by 
puUun' iln- Inn* wit*' in nimmuuii'utinu with Ilia Handing 
K»n»-n ii.ui'-'iini. 4 * t% t in ivhi t hi **uj^h the lint** 

f*oo Ojmn u ml Olunml Circuit ‘Working*, — 
n« i»-lr ‘^ra|ilii4 nuik uu tin* upm - circuit plan, 



tin*- Ualiri'v Wing out of circuit whan no imwaga w being 
M >nu Aisianmn telrgmphe are usually ou^ the closed- 
rirmit j4*m t tin* current being always cm until interrupted 
$,« 3 *rn«i ftigtiaU, In th© ojHsti’Ctrcuit method, as it in 
nvwmirv that a Huh tdtould \m capable of being worked 
tr*mi either Hid, n luitlery U mm l at cadi, ami tlio wireH 
» nmnm lml llwl when at wither etui a message ia being 
tereivetU the battery circuit at that cud shall bo open. 
Fig, st? 4- »htiw« the *iinple»t possible ease of suck an 
Armtigcmenh At each end m a battery sc, ono pole of 




JMor.se key K. This key is arranged (like that m fig. 
273) so that when it is depressed to send a signal 
through the line it quits contact with, the receiving 
instrument at its own end. The current flowing through 
the line passes through IC and enters a receiving instru- 
ment C4' at the distant end, where it produces a signal, and 
returns by the earth to the battery whence it started. A 
similar battery and key at the distant end suffice to trans- 
mit signals in the opposite direction to G when K is not 
depressed. The diagram is drawn as if G were a simple 
galvanometer ; but the arrangement would perfectly 
suit the Morse instrument, in which it is only required 
at either end to send long and short currents without 
reversing the direction, as with the needle instruments. 

501. Relays. — In working over long lines, or where 
there are a number of instruments on one circuit, the 
currents are often not strong enough to work the record- 
ing instrument directly. In such a case there is inter- 
posed a relay or repeater. This instrument consists of 
an electromagnet round 
which the line current 
Mows, and whose delicately 
poised armature, when at- 
tracted, makes contact for 
a local circuit in which a 
local battery and the re- 
ceiving Morse instrument 
are included. The prin- 
ciple of the relay is, then, 
that a current too weak to 
do the work itself may set 
a strong local current to 
do its work for it. 

In Pig. 272 the Morse 
receiver (an “ink-writer”) M is placed in a local circuit 
with a local battery LB and a relay of the British Post- 
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t Mln-e pain in, WliviH V4 r u < unvui in (In* Uni* ri r**ui (. 
IlloVe* ill*' l*«OgUe “I die lrl»l> It t'l‘» t'.s tilt* Itii'ul I'ilVUil, 
mid the M**r.r t«» tivnnl either u dot up a iIilhIi 

upon t In* i'tuj* of A view of l In* l\0. .standard 

it * It I** given Ut Fig. 27 ft. It k ut tin* *• polarized '* 

k uni Ail. ; ii p i mam ut Hteol magnet of emupaet 
»h*ipe bring it rd to HiagUrtne tmtgtteH tlmt Ulv pivnt.net 
lu'l w fell lit** pule* i*l the rbvtiunmgUet, 

t> 02. Fault* in Totograph Linos. Faults may 
uiv nr in telegraph hue* Inmi M*verul rmihi-H ; either from 
the breakage **! tin* \viri»H »»r iHiinturturM, up Jpuiu llm 

breakage ..r till’ in«uUt*'i>s thereby abort eimiitiug llm 
ruuvuf through tin* earth before it rearhe.M t lit* distant. 
Mutton, *»t j u-h in overhead wir^, by twu rondtwling wires 
tombing oia* another. Vnrit»HH modes lor testing tin* 
iwlniivn uttoi |Hinittuii <»f faults mv known tn telegraph 
engineers ; they dejmttd U|Kiti iMTumtu nmiumremenis til’ 
redMatieo m* **f eAjmeUy. Thun, if a tnlt^rnph ml tin part 
in mill menu it in possible to euleulnto the diMumv from 
tin* hliufi* t int to tin* broken end bv comparing 1 In* resistance 
that l In* nil i|«* i* known to otter per milt* with Urn resist, - 
{4111*1*’ mIJi-iv*! by tin* length up to tin* fault, and dividing 
tin* latter by tin* former, 

503. Duplex tuid Quudruplox Telegraphy. 

To M-uil iwu messagea through mm win*, mm IVum imihIi 
end* at Urn mnu* tinn% in known in* duplex working. 
There urn two distinct umthutU of arranging apparatus fm* 
duplex working. The lir^l of them*, known a* llm i////rn 
rntutl methwt % involve# llm turn of instruments wound with 
differential rutin, mid in applmnhle t * » nprriiit rum's. The 
nm»ml method of duplex working* knuwti iih llm hridtje 
inytlml, is rapihle of much more general application. 
Tims ding ram of Fig. 27*1 will explain tin* general principle. 
The lir^t rmptirement In duplex wt irking in tlmt tlu* 
irwimment at each end shall only move in re* puma* tu 
iigaali from the other ©ml, m tlmt an ojH'mtnr tit It may 
be aid© to itatal to the distant mutrumcml without his 
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own instrument M being affected, M. being all tliu while 
in circuit and aid a to receive signals from the distant 
operator at IV. To accomplish this the circuit is divided 
at It into two branches, which go, by A and B respectively, 
the one to the line, the other through a certain resistance 
P to the earth. If the ratio between the resistances in 
the arms liA and KB is equal to the ratio of the resistances 
of the line and of P, then, by the principle of Wheatstone's 
Bridge, no current will pass through M. So M does not 
show any currents sent from K ; hut M' will show them, 
for the current on arriving at 0 will divide into two 
parts, part {lowing round to the earth by IV, the other 



Fig. 27n. 


part flowing through M' and producing a signal. If, 
while this is going on, the operator at the distant IV 
depresses his key and sends an equal current in the 
opposite direction, the flow through the line will cease ; 
but M will now show a signal, because, although no 
current Hows through the line, the current in the branch 
[?.A will now flow down through. M, as if it had come 
from the distant IV, so, whether the operator at R be 
signalling or not, M will respond to signals sent, from IV. 
Til duplexing long lines and cables condensers are em- 
ployed in the arms HA and KB of the bridge ; and 
instead of a mere balancing resistance at 1? and Q there, is 
used an u artificial cable,” a combination of condensers 
and resistances to imitate the electrical properties of the 
actual line or cable between the stations. 



tie Diplex method of working consists in sending 
nessages at once through a wire in the same direc- 
To do this it is needful to employ instruments 
li work only with currents in one given direction, 
method involves the use of polarized relays, which, 
; themselves permanently magnetized, respond tliere- 
mly to currents in one direction, 
lie Quadruplex method of working combines the 
ix and the diplex methods. On one and the same 
are used two sets of instruments, one of which 
ced by a polarized relay) works only when the 
ion of the current is changed, the other of which 
ted by a non-polarized relay adjusted with springs 
Dve only with a certain minimum force) works only 
l the strength of the current is changed and is inde- 
ent of their direction. 

Lesson LI . — Oable Telegraphy 

04. Submarine Cables. — Telegraphic connnuni- 
i between two countries separated by a strait or 



Pig. 277. Pig. 278. 


. is carried on through cables, sunk to the bottom of 
sa, which carry conducting wires carefully protected 
l outer sheath of insulating and protecting materials, 
conductor is usually of purest copper wire, weighing 
*70 to 400 lbs. per nautical mile, made in a seven- 
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fold strand to lessen risk of breaking. Rigs. 277 and 
278 show, in their natural size, sections of the Atlantic 
cables laid in 1857 and 1866 respectively. In the latter 
cable, which is of the usual type of cable for long lines, 
tlxe core is protected first by a stout layer of guttapercha, 
then by a woven coating of jute, and outside all an 
external sheath made of ten iron wires, each covered 
with hemp. The shore ends are even more strongly pro- 
tected by external wires. 

505. Speed of Signalling’ through Cables. — 
Signals transmitted through long cables are retarded, the 
retardation being due to two causes. 

Firstly, The self-induction of the circuit prevents the 
current from rising at once to its height, the retardation 
being expressed by von Helmholtz’s equation (Art. 460). 

Secondly , The cable in its insulating sheath, when 
immersed in water, acts laterally like a Leyden jar of 
enormous capacity (as explained in Art. 301), and the 
first portions of the current, instead of flowing through, 
remain in the cable as an electrostatic charge on the sur- 
face of the guttapercha. For every separate signal the 
cable must be at least partially charged and then dis- 
charged. Culley states that when a current is sent 
through an Atlantic cable from Ireland to Newfoundland 
no effect is produced on the most delicate instrument at 
the receiving end for two-tenths of a second, and that it 
requires three seconds for the current to gain its full 
strength, rising in an electric wave which travels forward 
through the cable. The strength of the current falls 
gradually also when the circuit is broken. The greater 
p>art of this retardation is due to electrostatic charge, not 
to electromagnetic self-induction. The number of signals 
that can be sent through a cable in a given time is less 
as the capacity and resistance are greater. The time 
required to transmit a given number* of signals through a 
cable of capacity K and resistance R is proportional to 
KK : so the retardation is proportional to the square of 
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I* ntjtlt uf the cable. The various means adopted to m»t 
uf thi« ivinrduthm are explained in Art. iloa, It in 
il to insert in the circuit at each end of the cable. 
mdenmT «.t several mirrofumdw, through which the. 
ml* pa**. The temletiey of tiii‘ condenser to dis- 
rg«’ help* t»» vtuh tin* signal* unit make each shorter 
dtarpm-. H in thuoretieuUy possible (compare Art. 
I) t»» compensate rapacity by wrlf-indurthui ; 1ml as 
cuparit y of n cable i* lateral, mil longitudinal, and 
rihuted nil along it* thn self-induction coils to emu- 
*ute the retardation would have to he applied ns 
ids at interval*. A ruble with a self inductive shunt 
eak at n point near its middle transmits signals more 
idly th ill one Hot so compensated, 

506. Raoolvintf Instruments for Cabins, Tim 

rot « ijafwiumt'ter uf l#c»ai Kelvin (Art. il l A) was 
med for cable m&uaUing, the movements of the spot 
igbt sweeping over the scale to a whorl or a long 
nnee mi Hiring to signal the dots and thudies of the 
w* rode. Ijottl Kelvins Siphon AVr/uv/rr iH an iimlru- 
it whieh writes tin* signals upon awtrip of paper hy 
following ingenious means > -The cable. communicates 
ii a definitely suspended euil of wire that hangs la*- 
eu the poles of a powerful magnet. To the. suspended 
in attached a Hue siphon of glass suspended hy a wilk 
e, tme end of which dip* into mi ink vessel. Thu ink 
<es marks upon a idrip of paper (moved hy clockwork 
licnlly pant the »iplmu\ friction being obviated by 
ug tin* siphon a continual minute vibration. The 
ton record is n wavy line having whorl and long waves 
dotH and dashes. 


LkhhuN LU. -*Mi*cellanwH9 Trlrpmphx 

507 , Multiples Telegraphs. -Vnrley proposed to 
l message*! hy transmitting electrically musical tonew, 
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interrupted to sound as dots and dashes. This necessi- 
tated the transmission, of currents either rapidly alternat- 
ing or rapidly intermittent. Gray, who constructed 
harmonic tdcymphu on this plan, found it possible to 
transmit five or six messages simultaneously in one line. 

By using at each end of a line two synchronously 
revolving distributing switches, it is posHihle. to send 
several messages at once through, a line ; the distributors 
(invented by Deinn y) causing each transmitting instru- 
ment to bo in circuit with its corresponding receiving 
instrument; for a small fraction of a second at regular 
short intervals. 

508. Electric Bolls. — The. common form of FArclric 
TrenMimj Jkll (invented lHfd) by Jolm M i rami) consists 
of an electromagnet, which .moves a hammer bade wu.nl 
and forward by alternately attracting and releasing it, so 
that it beats against a bell. The arrangements of the 
instrument, are shown in. Dig. 279, in which 1C is the 
electromagnet and II the hammer. A battery, consisting 
of one or two Loclanchd cells placed at some convenient 
point of the circuit, provides a current when required. 
By touching the “push” l\ the circuit is completed, and 
a current flows along the lino and round the coils of tin* 
electromagnet, which forthwith attracts a small piece of 
soft iron attached to the lever, which terminates in the 
hammer H. The lever is itself included in the circuit, 
the current entering it above and quitting it at (! by a 
contact-breaker, consisting of a spring tipped with plat- 
inum resting against the platinum tip of a screw, from 
which a return wire passes buck to the nine pole of the 
battery. As soon as the level’ is attracted forward the 
circuit is broken at G bylbe spring moving away from 
contact with the screw ; hence the current stops, and the 
electromagnet ceases to attract tin*, armature, but the 
momentum of the hummer carries it forward. Inline- 
diutely afterwards, however, the hammer falls back, again 
establishing contact at 0, whereupon the armature is emeo 
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: attracted forward, and so on. The push P is shown 
ction in Pig. 280. It usually consists of a cylindri- 
110 b of ivory or porcelain capable of moving loosely 
igk a hole in a circular support of porcelain or wood, 



Fig. 279. Fig. 280. 


vhich, when pressed, forces a platinum-tipped spring 
st a metal pin, and so makes electrical contact be- 
1 the two parts of the interrupted circuit. Bells 
ig a polarized armature, and without any break, are 
as call-bells for telephones ; the generator being a 
. magneto alternator like Pig. 243, driven by a 
Le. 

39. Electric Clocks and Chronographs. — 
:s may be either driven or controlled by electric 
nts. Bain, Hipp, and others have devised electric 
s of the first kind, in which the ordinary motive- 
r of a weight or spring is abandoned, the clock being 
n by its pendulum, the <c bob ” of which is an electro- 
et alternately attracted from side to side. The diffi- 
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culty of maintaining a perfectly constant "battery current 
lias prevented such clocks from coming into use. 

Electrically controlled clocks, governed by a standard 
central clock, have proved a more fruitful invention. In 
these the standard timekeeper is constructed so as to 
complete a circuit periodically, once every minute or half 
minute. The transmitted currents set in movement the 
hands of a system of dials placed at distant points, by 
causing an electromagnet placed behind each dial to 
attract an armature, which, acting upon a ratchet wheel 
by a pawl, causes it to move forward through one tooth 
at each specified interval, and so carries the hands round 
at the same rate as those of the standard clock. 

Electric chronographs are used for measuring very 
small intervals of time. A stylus fixed to the armature 
of an electromagnet traces a line upon a piece of paper 
fixed to a cylinder revolving by clockwork. A current 
sent through the coils of the electromagnet moves the 
armature and causes a lateral notch in the line so traced. 
Two currents are marked by two notches ; and from the 
interval of space between the two notches the interval of 
time which elapsed between the two currents may be cal- 
culated to the ten- thousandth part of a second if the 
speed of rotation is accurately known. The velocity 
with which a cannon ball moves along the bore of the 
cannon can be measured thus. 
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610 , Early Telaphoaas, Tim first fuimwiful 
fti’tiijit t« Imnmuit mhuuIh »iaatrieally whh‘ made in 
Hill by Hcis, who futcscecdod in convoying musical mul 
tfier tone* by nu imperfect telephone, In this inslrn- 
unit Urn voire was nmwl to act upon n point of loose 
intact in an electric circuit, mul by bringing those parts 
itu greater or loss intimacy of contact (Art, thereby 
mod the resistance offered to the circuit, Thu leans- 
lilting part of Hein’s telephone consisted of a battery 
nit a wmtitet-btviiker, the latter laying formed of a tym- 
simun or diaphragm of stretched membrane, capable, of 
iking up wnuonm* vibrations, and having attached to 
a thin elastic strip «»f platinum* which, as it vibrated, 
cal to and fro against the tip of it platinum wire, so 
taking ami breaking contact wholly or partially at each 
ihrntiim in exactly the same manner as is done with tho 
irbon contacts in the modem transmitters of ltlako, 
erliner, etc. The receiving of the itinf 
undated of an iron wire fixed ujwm a sound iiig-board 
ud iummmlel by a coil of insulated wire forming part, 
f the circuit. The rapid timgnctixutiou and demag** 
atixcitlon of such an iron cam' will produce audible 
juncls (Art. I Mb If the current vnn* f Ti #* 
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is partially magnetized or demagnetized, giving rise to 
corresponding vibrations of varying amplitudes and 
forms ; lienee sucli a wire will serve perfectly as a re- 
ceiver to reproduce speecli if a good transmitter is used. 
Eeis himself transmitted speech with his instrument, but 
only imperfectly, for all tones of speech cannot be trans- 
mitted by abrupt interruptions of the current, to which 
Eeis’s transmitter is prone when spoken into, owing to 
the extreme lightness of the contact : they require gentle 
undulations, sometimes simple, sometimes complex, ac- 
cording to the nature of the sound. The vowel sounds 
are produced by periodic and complex movements in the 
air ; the consonants being for the most part non-periodic. 
Eeis also devised a second receiver, in which an electro- 
magnet attracted an elastically -supported armature of 
iron, which vibrated under the attraction of the more or 
less interrupted current. 

In 1876 Elisha Gray devised a transmitter in which 
a variable water -resistance (made by a platinum wire 
dipping into water) was acted upon by the voice. He 
designed an electro-magnetic receiver. 

Telephone receivers were invented by Varley and 
Dolbear, in which the attraction between tlie oppositely- 
electrified armatures of a condenser is utilised in the pro- 
duction of sounds. Dolbear’s receiver consists merely of 
two thin metal disks, separated by a very thin air-spaco. 
As tlie varying currents flow into and out of this con- 
denser the two disks attract one another more or less 
strongly, and thereby vibrations are set up which cor- 
respond to the vibrations of tlie original sound. 

In 187G Graham Bell invented the magneto-telc- 
plione. In this instrument the speaker talks to an 
elastic plate of thin sheet iron, which vibrates and 
transmits its every movement electrically to a similar 
plate in a similar telephone at a distant station, causing 
it to vibrato in an identical manner, and thereby to 
emit identical sounds. Tlie transmission of the vibra- 
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Hence, whatever movement is imparted to tlie disk of 
the transmitting telephone, the disk of the distant receiv- 
ing telephone is forced to repeat, and it therefore throws 
the air into similar vibrations, and so reproduces the 
sound. Bell's method of transmitting was soon aban- 
doned (except for very short lines). In modern tele- 
phonic work Reis's plan of using a separate transmitter 
with a battery is universal, the Bell instrument being 
used as a receiver only and not as a transmitter. 

511. Edison’s Transmitter. — Edison constructed 
a transmitting instrument, in which the vibrations of tlie 
voice, actuating a diaphragm of mica, made it exert more 
or less compression on a button of prepared lamp-black 
placed in the circuit. The resistance of this is affected 
Ly pressure of contacts ; hence the varying pressures due 
to the vibrations cause the button to offer a varying 
resistance to any current flowing (from a battery) in the 
circuit, and vary its strength accordingly. This varying 
current may be received as before in an electromagnetic 
receiver of the typ>e described above, and there set up 
corresponding vibrations. This instrument also lias been 
abandoned in favour of transmitters of the microphone 
type. Edison also invented a receiver of singular power, 
which depends upon a curious fact discovered by himself, 
namely, that if a platinum point presses against a rotating 
cylinder of moist chalk, the friction is reduced when a 
current passes between the two. And if the point lie 
attached to an elastic disk, the latter is thrown into 
vibrations corresponding to the fluctuating currents 
coining from the speaker’s transmitting instrument. 

512. Microphones. — Hughes, in 1878, discovered 
that a loose contact between two conductors, forming part 
of a circuit in which a small battery and a receiving 
telephone are included, may serve to transmit sounds 
without the intervention of any specific tympanum or 
diaphragm like those of Reis and Edison, because the 
smallest vibrations will affect the resistance (Art. 400) at 
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imlieale#* la magnify minute **nuu*K ^u« h n* the ticking 
of n wuteh tit* the fiwafitllH nf nit iuwel, ami render them 
audible, In modem telephony microphonea under the 
name »f curium lmnvniltrr$ are in general u«\ lit tint 
Blaku t miiMiu it ii*r a pin of platinum m preyed t»y n light 
HJUMHJ4 iignin *t u pul tidied plug of hard rnrl««u k forming n 
delicate con (net through which the nimml lh*w^ ( Thin 
electrical mechanism in mounted behind n mein! «li»k t«i 
take up the vihmtiomt of the apenker^ void*. In the 
Hutmimn louclHitjaakinir trammniter &?ntmihtrt*d imltM isit- 
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1)0, L in piaiHMl v between l wo i iu* U il surfaces, m Llmt 

tlio. current ih»\vw through the loose particles. M'hc, voice 
acts on all tho Ume < ,(, ^uetM nt mire. 

ir ov all long 1 hu* work tin* init-rnpluiini transmitter is 
included with a of urn* ov two culls in a small 

]ocal circuit «»f hnv WHiHlnnee, in which in inserted the 
primary wire < *T n small tmuMfnmuw or induction coil. 
Thu secondary win* of (hi t transformor is a coil of lino 
wire of many turns which transmits through the line and 
return c-irouiln much smaller currents at a higher veil (age. 

513. Telephone) Kxolmngoa. Cor enabling a 
large. number uf Hubscrihers tn communicate hy telephone 
with one. another* the I'm cm from each miWribeda inslru- 
immt are brought to a central oilier known an a telephone 
t'M'han</(\ I loro each line terminates on a me itek- board 
which* in ho arranged that tin* operator can in an instant 
make a connexion from the line, of any one subscriber to 
that of any other, an that them* two can talk together. 

614. Huerhes* Induction Balance,— Tlio extreme 
RtnmtivenesH of Bell's receiver (Art, 510) to the feeblest 
currents baa suggested it® employment to detect currents 
too weak to affect the moat delicate galvanometer. The 



currents nnml, however, he intermittent, or they will not 
keep the dink of the telephone iu vibration. Hughes 
applied tliia property of the telephone to an instrument 
named the Induction Baiauee (Fig. A small 
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battery B, connected with a microphone. M, phhhch through 
two vnlU **f win' V v i\„ wound on bohbius fixed on a 
suitable stand, Above each of Ihewc primary coiIh are 
placed two nmmdury coils, H p ^ of wire, of the. name 
mi', and of exactly equal number/of turns of wire. The 
secondary coil* are joined to a receiver T, and aro wound 
in opposite directions. The reault of tlnw arrangement iw 
that whenever a current either begins or slops flowing in 
the primary roilw, l‘ t induces a current in S u and ]*„ in 
S r A* and H,j are wound in oppowilo wayw, the two 
currents thus indueed in the secondary wire, neutralize 
one another* and* if they are of equal strength, balance 
one another m exactly that no wound iw heard in the tele- 
phone. Bui a perfect balance cannot be obtained uuIunh 
the reiiwlimecH and the eoelUeitmtH of mutual induction 
and of aelf induction are alike. If a Hat piece of wilvov or 
mppr (mmh tut it coin) he introduced between Bj and V v 
then? will \m lew induction in B t than in By, for part of 
lh« inductive action in \\ iw now spent cm welting up 
currents in the mass of the metal (Art. 457), and a wound 
will again be heard in the telephone. But balance can 
be restored by moving S u further away from P y , until the 
induction in H a in mluml to equality with Bp when the 
rniumU in the telephone again cease, U iw possible hy 
this means to lewt the mhitive conductivity of dilVercut 
metals which are introdueed into tins coils, H is even 
jMmaihli* to detect a counterfeit coin by the indication 
thus afforded of its conductivity. Thu induction balance 
ban also been applied in surgery by tlraliam Bell to 
detect the presence of a bullet in a wound, for a lump 
of metal may disturb this induction when some inches 
distant from the cuil*. 



CHAPTER XIY 

ELECTRIC WAVES 

Lesson LIV . — Oscillations and Waves 


S15. Electric Oscillations. — If a charged condenser 
>r Leyden jar is discharged slowly through a conductor 
>f high resistance, such as a nearly dry linen thread, 
he charge simply dies away by a discharge which 
ucreases in strength at first and then gradually dies 
tway. If, however, the condenser is discharged through 
i/ coil of wire of one or more turns (the spark being taken 
jetween polished knobs to prevent premature partial dis- 
charges by winds or brushes), the effect is wholly different, 
br then the discharge consists of a number of excessively 
*api.d oscillations or surgings. This is in consequence of 
die self-induction of the circuit, by reason of which (Art. 
158) the current once setup tends to go on. The first 


nrsli more than empties the 
icmdenser, and charges it the 
opposite way ; then follows a 
averse discharge, which also 
>verdoes the discharge, and 
charges the condenser the 
same way as at first, and so 
forth. Each successive oscil- 



Fig. 28*1. 


lation is feebler than the preceding, so that after a number 
jf oscillations the discharge dies away as in Fig. 284. The 
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Hpurk of n jur »«♦ de*Jmrg«’d irullv I'ltiruM* «»f u tmmher 
of mti'franiv** spark* m revet**’ dtivi'tion*. Um* pt« n»r uf 
1 1ii#s a* out by Itviiry in in-lg from tin' «'\jn*ri- 

wont* of Snvery, i* that if jar <lt»rlinrgt** through u ntil 
mv II ?i%*< | to Itmglirtl/t* afrel tterdlr#, the «Iir**c a t It >U of till' 
nmgin*t watton in king JHiiuftiim m mu* wny, 

mtturiimrH tb«* *i| her. 

That a iliwlwif g*» ought under rrrtniu mudd iomi to 
lnn*Hil»i‘ Viim imlcd by Volt Helmholtz, t »*<t**( 

Kelvin iU predicted ||ir«r Ctihdiliotm, if tht' 

cnpneitv of tin* rotidenaer in K (farad*), t lit' rcaiwlnnee of 
fin* circuit H (oJiiiiw), and it* iiohi* l«o«v I# (henries), there 
will he tmciUutioiin if 

N< v u.;k ; 
ntml there will 1 m’ no if 


U> yfiltfK, 

In the former tw the fmpmnry n of the tmmllatiuim will 
k fiui li that 


fCmmpiif, --If K^O*0| t« n 0*00001 hotiry, and 

RsbO, » • 

If R k small » is nearly n|mt! to I 

The oscillations ran Is* made slower by increasing either 
K nr L Tim imnlktiowa of un ordinary l*oyden jar din* 
charge may last only from a ten ‘thousandth to u ten* 
millionth of a second. By using roils of wclbi tumbled 
wire and largti condensers, Lodge has mimnnkd in blowing 
down the unci Uatious to 400 a second ; the spark then 
emitting a musical not#. Iron m found to retain its 
magnetic properties even for oscillations of the frequency 
of one million per second, 

Fidtkrttn subsaqiumtiy ttmnmnai the spark of n 
jar by mmm of a rotating mirror, and found that 
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instead of being a single instantaneous discharge, it 
exhibited definite fluctuations.* With very small resist- 
ances in the circuit, there was a true oscillation of the 
electricity backward and forward for a brief time. The 
period of the oscillations was found to be proportional to 
the square root of the capacity of the condenser. With 
a certain higher resistance the discharge became continu- 
ous but not instantaneous. With a still higher resistance 
the discharge consisted of a series of partial intermittent 
discharges, following one another in the same direction. 
Such sparks when viewed in the rotating mirror showed 
a series of separate images at nearly equal distances apart. 

516. Electric Waves. — Though the increasing and 
dying away of currents, for example in cables, is some- 
times loosely described as of “ waves 55 of current, these 
phenomena are very different from those of true electric 
or electromagnetic waves propagated across space. In the 
case of true electric waves, portions of the energy of the 
current or discharge are thrown off from the conductor 
and do not return back to it, hut go travelling on in 
space. If a current increases in strength the magnetic 
field around it also increases, the magnetic lines enlarging 
from the conductor outward, like the ripples on a pond. 
But as the current is decreased the magnetic lines all 
return back and close up upon the conductor ; the energy 
of the magnetic field returns back into the system. But 
if for currents slowly waxing and waning we substitute 
electric oscillations of excessive rapidity, part of their 
energy radiates off into the surrounding medium as 
electromagnetic waves, and only part returns hack. As 
will be presently set forth, these waves possess all the 
optical properties of light-waves, and can he reflected, 
refracted, polarized, etc. 

It is a fundamental part of the modern views of electric 
action that while an electric displacement (Art. 57) is 

* These electric oscillations were examined also by Schiller, Over- 
beck, Blaserna, ancl others, notably by Hertz ; see Art. 520 below. 



Kl.KrTKiiTrv AM> MArtNKTISM 


i* a ur it 


f.:*o 


Wmg produced in a *hfl» »in*\ tin’ dt'r*i in mtrrotmding 
hplltv \n I lu* mlUie il# if \hrtr hii4 1*HU t\ conductive iliMtcittl 
of nil inductive trail dr r of r|r» f ri* it y, Mn&wrU gave the 
iiitiui' of cIiHphi.(3()mimt-mirr0nt !«» the ml** of dmuge 
of tin* displacement, Kxpviriiwmi prove* that displace- 
ment current*, while they b*4, «et tip magnetic [m 
around lh»*m ; jhM a* eouvriuoH tumuil* (Art. 3U7) and 
conduction t'Uli'eUl* tit*. 

617. Ktmmtmcm *■ Tim rirrumatant't* that when 
certain definite relation* e%*»t Ulweeii the raj airily mi<t 
inductance of it circuit and the frequency of the periodic 
current*, the choking mtrtinti* «f th*>#e pn»j*erti«v» mu 
trnli/.r mm another, hn* Wu already alluded to in Art. 
473. Ami wo have turn (Art, fit A* that n circuit with it 
certain aelf induct iujq rajmcily, and resistance tends to 
imdUnlu eWelrie&dly at n certain frequency. If it ho 
placed in a medium through which electric waves of that 
frequency arc pacing in nucli a position tlmt the electric 
nml electromagnetic field* of the sutceemivti waves can 
induce rurmiU in it, cadi wave will give a alight impulse 
to the readily -excited cwilhdionm, which will grow in 
intmmity, jutd m atunll imputue* given to a jamdulum at 
the right time* will make it awing violently, 

The following experiment of Oliver la*dge Imnuli fully 
illuitlruto* thin pluuumnmtiu of r*mnMnw f amt at the same 

limn the production of win r* 
hy nn oscillatory discharge. 
Tw»i t#cydt*u jar** Kig, ^HA, 
arc placed n little wav iqwirt 
Z from mm another. One of 
thorn* charged from mi in- 
fluence machine not shown, 
i# provided with n bent wire 
t« nerve m a discharging 
circuit, with a ipark-gap H 
between the polMtud kn<il* at the tnp, Tins ackmir« 1 jar k 

. ... ,.i .i . i .. ,.,.i .ft .. * a.. . f. A 
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Jfiu be adjusted by sliding in or out a cross-piece W 
looked up>on the other portions. A strip of tinfoil is 
Drought up from tlie inner coating over the lip of this 
|ar, but does not quite touch the outer coating. If the 
two circuits arc properly tuned together, whenever a 
spark passes in the gap at the top of A, singings 
will be set up in the circuit of B which will cause the 
jar to overdo w, producing a spark at the end of the strip. 


Lehbon LV. — The Mcclromagnetic Theory of Light 

518. Maxwell's Theory. — In 1867 Clerk Maxwell 
put forward the theory that the waves of light are not 
mere mechanical motions of the ether, but that they are 
electrical undulations. These undulations are partly 
electrical and partly magnetic, oscillating electrical dis- 
placements being accompanied by oscillating magnetic 
fields at right angles to them, whilst the direction of 
propagation of the wave is at right angles to both. 
According to this theory the phenomena of electro- 
magnetism and the phenomena of light are all due to 
certain modes of motion in the ether, electric currents 
and magnets being due to streams and whirls or other 
bodily movements in the substance of the ether, while 
light is due to vibrations to and fro in it. 

An electric displacement in its growth or decay 
produces a magnetic force at right angles to itself ; 
it also produces (by the peculiar action known as in- 
duction) an electric force which is propagated at right 
angles both to the electric displacement and to the mag- 
netic force. Now it is known that in the propagation of 
light the actual displacements or vibrations which con- 
stitute the so-called ray of light are executed in directions 
at right angles to the direction of propagation. This 
analogy is an important point in the theory, and imme- 
diately suggests the question whether the respective rates 
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» * !**' ^nUmrlrvd J«-i <uv«*|t4, 
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utiiiirrirnISy - 1 Ami, jw tr Iwv*» urns, thi* <|«$ua 

itly risli^r# into ih*» mlm *»f th* unit* (Art. JKJfM, ntul 

run In* mtaatid«l fn*ttt th*»itt. ll MIws ihitt if t1t**rr» 
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Another consequence of the theory is that all conduc- 
tors, since they dissipate the energy of the currents set up 
in them, ought to be opaque to light. Metallic conductors 
are, except when in very thin films. But electrolytic 
liquids are not opaque, the mechanism of their conduction 
being different (Art. 490). In some crystalline bodies 
which conduct electricity better iu one direction than 
in another, the opacity to light differs correspondingly. 
Coloured crystals of tourmaline conduct electricity better 
across the long axis of the crystal than along that axis. 
Such crystals are much more opaque to light passing 
along the axis than to light passing across it. And, in 
the case of rays traversing the crystal across the axis, the 
vibrations across the axis are more completely absorbed 
than those parallel to the axis : whence it follows that 
the transmitted light will be polarized. 

519. Energy Paths. — Prom Maxwell’s equations 
Poynting in 1883 drew the conclusion that in all cases 
where energy is transferred in an electric system it flows 
parallel to the surfaces of both electric and magnetic 
equipotentials. What we call an electric current along 
a wire is rather a transfer of energy by an invisible 
mechanism in the medium outside the wire. Wherever 
in the wire there is resistance, wasting energy by degrading 
it into heat, at that point energy flows in laterally from the 
medium. According to this view, the service of the wire 
is merely to guide the energy flow going on outside it.* 
We know that when a current is started much energy is 
spent in building up around the conductor a magnetic 
field, the amount spent being JLC 2 (Art. 458). When 
the circuit is <£ broken 91 this energy flows on laterally 
into the wire, giving rise to the so-called extra-current 
sparks. According to Poynting’s view, which has been in- 
dependently elaborated by Heaviside, all the energy flows 
in similarly. In the case of the transfer of energy in an 
alternate-current transformer from the coils of the primary 
* See particularly Oliver Lodge's Modern Views of Electricity. 
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circuit t«> tli* ’M's Ilf tin* seen ml ary, it is pretty obvious that 
tin? Ilow of energy must take place latmdhj to the coppej 
wires ; and it also takes place laterally to the iron wire? 
*»f the core* though l h in is nut ho obvious. 

620 . KtiBoarohea of Hertz,— In 1888 Hertz fount 
the mo-4 convincing experimental proofs of Maxwell’i 
theory, and tuirceedcd in producing electromagnetic waves 
in a way which permitted liim to examine their propaga 
Inm through spare, ami to show that, while they weri 
much larger than ordinary waves of light, they poHHoasei 
the ammo properties, travelled at the Hamc speed, ami wer 
rapahle of being reflected, refracted, polarized, etc, 

Of the power of oscillatory discharges to propagat 
disturbances iu the surrounding space something wa 



OSCILLATOR. RESONATOI 

Kiit. Fig. 287. 


already known. Henry lmd shown that they set u 
other Hjmrkn in distant conducting circuits. It had bee 
< Uncovered # that ft Spark-gap in the exciting circuit wi 
neeewmry, Fitzgerald had definitely proposed to sta 
waven hy the oscillatory discharges of small condonsoi 
Hut no one had systematically followed out the plionomci 
of propagation of tin* waves. 

Hertz employed to start the waves an apparatus calk 
?m o&iituiitr (Fig, v 280), consisting of two metallic co: 
ihictors (Isdls or plates) united by a metal rod, at tl 
middle of which was interposed a spark-gap between tv 
well " polkhed knobs. And to detect the waves at 

* Ho« im\wv by LUn nuthor In tlus PhUimphlcal Magazine. (Bepfcoinb 
U70). 
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distance lie employed a resonator, simply a circle or square 
of wire, having in it a spark - gap capable of minutes 
adjustment. In one experiment the oscillator consisted 
of two zinc plates A and B (Big. 286) with sides 40 cm. 
long mounted 00 cm. apart, and having stout copper 
wires leading to a spark-gap between very brightly 
polished brass balls. A dry wood stand was a suflioient 
insulator. The resonator to match was a circle 35 cm. 
in radius. To experiment with this apparatus the 
oscillator is joined to a small induction coil. When 



a spark snaps across the gap it sets up a temporary con- 
ducting path for the surgings that follow. For a rush of 
current from left to right overcharges the right-band plate, 
and so there follows a rush hack from right to left, and so on. 
Each spark sent by the coil across the gap consists of a 
dozen or so oscillations, each lasting about 1 j\ 00,000,000 
of a second, the period being determined (Art. 515) by the 
capacity and inductance of the apparatus ; the discharges 
surging backward and forward from A to B until they 
die out (Fig. 284). Let the line drawn horizontally in 
Fig. 288 bo termed the base line , and let the line A.B be 
termed the line of oscillation. Then if the resonator is 
placed with its centre on the base lino at a few foot away 
from the oscillator and is turned into various positions, 
various effects are observed. If the resonator is set 
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l verlnaUv, im *jturkH mv observed in it whatever; 

ilir niMuittMti «»f tin* gup iu the circle, If it is laid cdge- 
#, n Imri/ontally *|uit'k» {mi** between t hu ballu of the 
These mi* brightest when the gap-space is; 
ut'M ivnt Ihwuj«I tla* oHriilttior, hu that the induced Rpark 
14 t*» the primary spark, If tint resonator Tbo 

now turned hruudnide on to the oscillator it will be found 
tluit then* are sparks when (In* gap in at the top ox 
1»ott**!u of tin* circle hu that llm sparks are parallel to 
I h*’ piimarv *park ; hut there are none if the gap is at 
tin* ‘riii* primary njau-k dues nut hero induce sparlo 

at fight au$*h*» | «> itself, 

llm rrHrjriotn of electric waves WUft observed ill VOTioUE 
\\ti\K If right upjKiMtle the omdllittor, Mg. 280, is set c 
huge tuvut idiect in* a relleetor, to wild hack the wavcf 
that JM3« along the Imho line, stationary nodes will Ik 
produced at regular intervals If the resonator is pn 
iiriMuUuU^niit with its gap at the highest point, anc 
moved ahmg the Iwiso line till it lies flat against tin 
ivlleetur, then* will in thin position he no sparks ; hut i 
it i» slowly moved f*nek from the sheet sparks will show 
will cone* to u maximum, then die out us the first nodi 
in reaehed at lihoul IBU em. from the re 1 lector. Passing 
thi* node the sparks will begin again, nudes occurring a 
<‘i pi a l intervals apart along the base line. By usinj 
large para hdie mirrors Hertz showed that these cdectri 
witvrii can be reileeted and brought to a focus exactly a 
light wave# am he, Hertz also showed refraction with i 
priaw tif pilch ; amt |Kdarimtum by means of gratings o 
parallel wire?*, 

loiter Tesla showed that llm Hertzian lillecU could b 
much augmented hy inrmodng the suddenness of th 
apark by using a magnetic Held to blow it out, Elilr 
Tlummm wms an iur*bhmt across the spark-gap for th 
name purpose. 

521 Deteotor* of Uleofcrio Waves.— The Iiert 
•pork-gap resonator Is only one means of detecting electri 
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is. A prepared frog’s leg (Art. 255) may be used 
'ad of a spark-gap. A sensitive vacuum-tube, 
nally if primed by application with a battery of 
i hundreds of small cells not quite able of themselves 
tart a spark, forms a good explorer. Electrometers ; 
wires capable of expanding when heated by the 
ced currents ; and galvanometers in circuit with the 
arc amongst the possible means. Best of all is Lodge’s 
2 e of a tube partly filled with coarse iron filings, 
’ted in circuit with a galvanometer and a single cell, 
resistance of the filings is very great, and little 
mt flows, until an electric wave impinges upon the 
, when at once the filings conduct (compare Art. 400 
jonductanco of powders). On lightly tapping the 
the filings fall back into tlieir former state. Using 
a detector, and an oscillator consisting of a highly 
iked brass ball, between two smaller bails, Lodge lias 
ni how these electric waves can pass hundreds of feet 
agh walls and floors of houses. Care must be taken 
irecn off with metallic screens the effects of stray 
ks. 

*22. Properties of Electric Waves. — The uni- 
il equation connecting frequency n, wave-length A, 
velocity of propagation v is : v = nX. Taking v 
ir) as 3 x 10 10 (cms. per sec.) as the velocity of light, 
the measured length of the' red waves (the longest 
le) as 0*000076, it follows that the frequency of 
lation of these must be no less than 395 x 10 12 . 
waves artificially produced by electric oscillations 
if much lower frequency than these, and their wave 
bh proportionally longer. Their wave-length depends 
he size of the apparatus used as oscillator, just as 
note emitted by - an iron cylinder when struck 
fcs end depends on the length of the cylinder. The 
i-length of waves emitted from an oscillator consisting 
wire with a small capacity at each end is twice 
length of the wire. That of waves emitted from 
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phere (Fig. « H b) ^ diameter d in $ nv n*(i d ; 
they din »mt niter at h mt l vibration, IT u spark gup 
mule Wtwueu two knob* ucnwi the diameter <>l' a 
hollow cylinder, the wave- 
length of the waves emitted 
from the end uf (he cylinder 
is nlttml equal in itrt diameter, 
nnd the vihratimm uve numer- 
aiw Indore nil the energy Imn 
lawn radiated away, Using 
symmetrical }mui‘m of eon- 
deuwrfc mrofuUy adjusted, 
Khert Imn obtained oaeillitHon* 
that do nut ilia uut till after 
'iQ,UUO periods. 

The currents produced in 
w by omdllntionit of *uch enormous frequency are only 
n-PAirrottt» (Art 478), tlie latter part of tins wire being 
p # Uonce for inch currents the impeding resistance 
a stout copper wire may ho 
Uiima nf ohm*. One evidcucu O— 

his malfurded bv the teudeuey 
Utierttl dm'htwjr, Tina in 
dily shown by commoting 
ween the Leyden jars of an 
lueneo machine a Wp of stout 
.ippr win' bent an in Fig, 200. 
hen a discharge takes place 
tween Urn knolts, the ns will rig suo. 

an oscillatory current set up 

twmm Urn outer coating* nlwo ; and this oscillatory 
mmt rather than flow along the metal loop will jump 
a spark across tho parts that lie nwrent together. r J iio 
uhuicy of lightning to produce lateral diaduirgoH in 
Had upon by Oliver Lodge in Ida contention as to tins 
dilatory diameter of the flash. 

52 a Travailing of W am along Wire*.— If an 
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oscillatory spark is sent into one end of a long wire, by 
the time that the second pulsation reaches its maximum 
the first will liavo travelled a certain distance which may 
he called the wave-length of the disturbance. According 
to Maxwell's theory the velocity of propagation will bo 
equal to that of light, the energy really travelling through 
the air, and settling down laterally into the 
wire. It appears from experiment that the 
velocity of a wave guided by a wire is the 

same as that of a wave travelling in free A JG C 

air. That the speed of travelling is in- 
dependent of the thickness or materials of 
the wire was proved in 1870 hy Yon Bezold 
using the device of Fig. 291. Let an 
oscillatory discharge he sent hy a wire at G 
into a rectangular circuit ABOD, having a B PQ D 
spark-gap PQ midway between B and D. Vig> m . 

It is evident that if G is midway between 
A and G the impulses will arrive simultaneously at V 
and Q if both sides of the system are alike ; and there 
will be no spark, If now one side, say CD, be maclo of 
iron and the other, AB, of copper, it will he found that 
still the discharge must be led in at G, exactly midway 
if there is to be no spark. 


Lissson LYI. — Other Relations between Light and 
Electricity 

524. Electro - optical Phenomena. — Of late 
years several important relations have been observed 
between electricity and light. These observations may 
be classified under tins following heads : — 

(i.) Production of double refraction by dielectric 
stress 

(ii.) Potation of plane of polarization of a wave of light 
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on traversing a transparent medium placed in a 
magnetic field, or by reflexion at the surface of a 
magnet. 

(iii.) Change of electric resistance, exhibited by 
selenium and other bodies during exposure to 
light. 

(iv.) Photo-chemical excitation of electromotive forces. 

(v.) Relation between refractive index and dielectric 
capacity of transparent bodies. 

(vi.) Electric effect of ultra-violet light. 

It was announced by Mrs. Somerville, by Zantedeschi, and 
others, that steel needles could he magnetized hy exposing 
portions of them to the action of violet and ultra-violet rays of 
light ; the observations were, however, erroneous. 

Bid well has found that light falling upon a recently de- 
magnetized piece of iron produces an instantaneous revival of 
magnetism. 

525. Electrostatic Optical Stress. — In 1875 
Dr, Kerr of Glasgow discovered that glass when subjected 
to a severe electrostatic stress undergoes an actual strain, 
which can be observed by the aid of a beam of polarized 
light. In the original experiment two wires were fixed 
into holes drilled in a slab of glass, but not quite meeting, 
so that when these were placed in connexion with the 
terminals of an induction coil or of an influence machine 
the accumulating charges on the wires subjected the 
intervening dielectric to an electrostatic tension along 
the electric lines of force. The slab when placed between 
two Nicol prisms as polarizer and analyzer* exhibited 
double refraction, as if it had been subjected to a pull 
and had expanded along the direction of the electric 
force. Bisulphide of carbon and other insulating liquids 
exhibit similar phenomena, but fatty oils of animal and 

* A ray of light is said to be polarised if the vibrations take place in . 
one plane. Ordinary light can be reduced to this condition by passing it 
through a suitable polarizing apparatus (such as a Nicol prism, a thin 
slice of tourmaline crystal, etc.). 
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vegetable origin exbibit an action in the negative 
direction, as if tliey had contracted along the electric 
lines. It is found that the difference of retardation 
between the ordinary and extraordinary waves per unit 
thickness of the dielectric is 'proportional to the square 
of the resultant electric force. The axis of double refraction 
is along the line of the electric force. Quincke has 
pointed out that these phenomena can be explained by 
the existence of electrostatic expansions and contractions, 
stated in Art. 300. 

526. Magneto-optic Rotation of the Plane of 
Polarization of Light. — In 1845 Faraday discovered 
that a wave of light polarized in a certain plane can be 
twisted round by the action of a magnet, so that the 
vibrations are executed in a different plane. The plane 
in which a beam is polarized can be detected by observing 
it through a second Nicol prism (or tourmaline), for 
each such polarizer is opaque to waves polarized in a plane 
at right angles to that plane in which it would itself 
polarize light. Faraday caused a polarized beam to pass 
through a piece of a certain “heavy glass” (consisting 
chiefly of borate of lead), lying in a powerful magnetic 
field, between the poles of a large electromagnet, through 
the coils of which a current could he sent. In the path 
of the emerging beam was placed as analyzer a second 
Nicol prism which had been turned round until all the 
light was extinguished. In this position its own plane of 
symmetry was at right angles to the plane of polarization 
of the beam. On completing the circuit, light was at once 
seen through the analyzing Nicol prism, proving that the 
waves had been twisted round into a new position, in which 
the plane of polarization was no longer at right angles 
to the plane of symmetry of the analyzer. Hut if the 
analyzing Nicol prism was itself turned round, a new 
position could be found (at right angles to the plane of 
polarization of the waves) at which the light was once more 
extinguished. The direction of the magneto-optic rotation 
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of the plane of polarization is Hue same (for diamagnetic 
media) as that in which the current flows which produces the 
magnetism, Verdet discovered the important law that, 
with a given material, the amount of rotation is pro- 
portional to the strength of the magnetic force H. In case 
the waves do not pass straight along the direction of the 
field, the amount of rotation is proportional to the cosine 
of the angle f3 between the direction of the beam and the lines 
of force. It is also proportional to the length l of the 
material through which the waves pass. These laws are 
combined in the equation for the rotation 0 : 

6 ~ w * H * cos /3 * l, 

where w is a coefficient which represents the specific 
magnetic rotatory power of the given substance, and is 
known as Verdet’ s constant. Now, H • cos /3 * l is the 
difference of magnetic potential between the point A 
where the wave enters and B where it leaves the medium. 
Hence 

e 

w ~ Yb^yI * 

The value of Verdet J s constant for yellow sodium 
light, at 18° C., has been carefully determined. Its value 
(in radians per unit fall of magnetic potential) is, in 
bisulphide of carbon 1-222 x 10~ 5 ; in water 0*3*75 x 10* 5 ; 
in heavy glass 2*132 x 10~ 5 . For diamagnetic substances 
the coefficient is usually positive; but in the case of 
many magnetic substances, such as solutions of ferric 
chloride, lias a negative value (i.e. in these substances the 
rotation is in the opposite direction to that in which the 
magnetizing current flows). The phenomenon discovered 
by Hall (Art. 397) appears to be intimately related to 
the phenomenon of magneto-optic rotation. For light of 
different colours the rotation is not equal, but varies very 
nearly inversely as the square of the wave-length. 

Gases also rotate the plane of polarization of light in 
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a magnetic. Held with varying amounts ; tml-guH and 
carbonic acid being more powerful than air or hydrogen ; 
oxygen and ozone being negative. The rotation is in all 
cases very slight, and varies ibr any gas in proportion to 
the quantity of gas traversed. .1 1. Jtajuurol hurt shown 
that the plane of the natural polarization of the sky does 
not coincide with the plane of the sun, but is rotated by 
the inlluenco of the earth’s magnetism through an angle 
which, however, only reached 50' of arc at a maximum 
on the magnetic meridian. 

Wo Imvo soon (Arts. 12(1, 307, and 393) what evidence there 
is for thinking that magnetism in a phenomenon of rotation, there 
being a rotation of something around nn axis lying in the direction 
of tiie magnetization. Much a theory would oxplain the rotation 
of tho piano of polarization of a my passing through a magnetic 
held, if or a ray of plane-polarized light may he conceived of as 
consisting of a pair of (oppositely) circularly-polarized waves, in 
which the right-handed rotation in one ray is periodically counter- 
acted by an equal left-handed rotation in the other ray ; and if 
such a motion were imparted to a medium in which there were 
superposed a rotation (such as we conceive to take placo in ovary 
magnetic field) about the same direction, ono of those circiilarly- 
polarized rays would ho accelerated and tho other retarded, so 
that, when thoy woro again compounded into a single plane- 
polarized ray, this plane would not coincide with tho original 
plane of polarization, but would bo apparently turned round 
through an angle proportional to tho superposed rotation. 

627. Kerr’s iHJffeot. — Dr. Kerr showed in 1877 
that a ray of polarized light is also rotated when reflected 
at the surface of a magnet or electromagnet. When, the 
light is reflected at a pole the piano of polarization is 
turned in a direction contrary to that in which the 
magnetizing current flows. If tho light is reflected at a 
point on the side of the magnet it is found that when 
the plane of polarization is parallel to the plane of 
incidence the rotation is in the same direction as that of 
the magnetizing current ; but that, when the piano of 
polarization is perpendicular to the plane of incidence, 
the rotation is in the same direction as that of the 
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magnetizing current only when t Ut* iiu*itU*iit a <» iwcmln 
7t) \ being in the «i|i|*<wil4» direction at hwcr angles of 
incidence. 

620. Kundt'a UfFoot. -Kundt found that the plaint 
of polarization of light -waves in ulnu rotated if t ho. light, 
in passed through a film of iron ho lliiu ns to he trans- 
parent, if placed transversely iu a magnetic field. 

620. Photo -electric Proportion of Stdmiiimi, 

In t H7 3 Willoughby Smith nimoimml the discovery 
yhy *1. K. Mu\hew) tlmt tin* element ^Irnium pi jsschhch 
tin* almonual properly of changing its rit* resistance 
under tin* iutlueuee of light. Ordinary fused or vitreous 
selenium is a very had conductor j ita residuum being 
nearly forty-thousand million (3'Hx U> 10 ) tinu*H tut gmtt 
an that of copper. Whim carefully annealed (by keeping 
for Homo In nun at a temperature of nhmit SJiiO” (*,, just 
below itn fusing point, ami sulmequimt uluw moling) it 
assumes a crystalline condition, iu which iU electric 
rcniHlnmn 1 . m emmiderahly reduced, In Urn laltm* mmli- 
tiim, especially, if U sensitive lo light. Adams found 
that greenish-yellow my* were the most clleclive. lie 
also allowed that the rhautje uf rlairir n*i*tttncti varies 
directly m the mjuare root of the illumination, nud that tlu* 
resistance is leas with a high (dmlmmotivn form Ilian a 
low one. In 1H7U, (Indium ]U*ll and Humuer Taiuter 
devised 11 selenium mils,” iu which imueuled selenium 
ih formed into narrow strips between the edges of hroad 
conducting plates of hnut*, thus retiring both a reduction 
of the transverse riminlamu! and a large amount of surface- 
expoHUfu to light. Thus a cell, whose resistance in the 
dark was JUK) ohms, when exposed to sunlight had a 
resmlnncu of hut 1 fill ohms. Thin property of selenium 
those investigatom applied iu the construction of the 
Photophona, an instrument which transmits sounds 
to a dintaneu hy numns of a beam of light reHeeled to 
a distant spot from a thin mirror thrown into vibrations 
by tha vote® ; the bumm falling, consequently, with 
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iiisitj upon a receiver of selenium connected 
pith, a small "battery and a Bell telephone 
t. 510) in which the sounds are reproduced 
tions of the current. 

properties are possessed, to a smaller degree, 
Carbon is also sensitive to light, 
loto- chemical Cells. — About the middle 
at century Becqnerel showed that when two 
ver, coated with freshly-deposited chloride of 
laced in a cell with water and connected until 
iter, a current is observed to pass when light 
lie of the two plates, the exposed plate acting 
; and Minchin has more recently shown the 
other photo-chemical combinations. Some of 
rv sensitive to electric waves of greater wave- 

Loto-electric Loss of Charge. — In 188T 
3 the discovery that a spark starts more 
veen the balls of a discharger when iUumin- 
tit that is rich in violet and ultra-violet rays 
light, arc light, or spark of induction 
vhen not so illuminated. The effect varies 
nt metals, with their cleanness, the nature of 
Lding gas, with the kind of charge, and with 
,tion of the light. In ultra-violet light freshly 
lc in air rapidly discharges a negative charge, 
Dsitive one. On the other hand the peroxides, 
osphere of hydrogen, when so illuminated 
barge positive charges. The effect is stronger 
lane of the vibration of the incident waves is 
jles to the surface than when the polarization 
allel plane. The phenomenon appears to he 
small light -waves stimulating chemical re- 
ch do not occur except (Art. 322) by a species 
exchange. In a strong magnetic field no such 
occur. Hallwachs charged clean zinc plates 
>y exposure to ultra-violet light. 
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»% «»s Ktr*rni» \ i, Unit* am* 

fri \ su\m*'* (Aim ru t* i ) 

!*'.*!< t! tin «l \nf ti*t tf oj‘ JlttfU tsl \ KN \ 

WttfctsiUft by *'TI«r Weight* amt McftMiuv* Act, ISHH,” it is 
Atimfig <4lm I lit tig* rH4cU*i| that tfn» Hoard of Trade shall 
iium U » I into r4ttjM* liittdi iit»w thmomitmtimiH of ntundardH 

h»r the tiicaMtmmnit «f electricity m ajijnw to them to hr 
t«|s«fr4 f»*r imr In trade t« he timtfe and tluly verified. 

Au»l wli«*rr<* ii Iiha l*mi mad*' t«» appear to the Hoard tif 
Trad** that ttvw dcttemitiaihum of nUudardn nr*' required tor 
m «mp> in lotijr ! * 4 .**•«! uj*»*u the fulluvviuK unit* of eleelviual 
tttrftAttfciticlit, 4|*-». ; 

! , The *4 so, vihWIi ha* the value US 5 * in terurn of tin* cent l* 

metre M»tf the *v**oitd »»f time, Hint j* represented hy l hn 

offered f«» an unvarying eh’elrie etiiTrut hy it column 

*4 snrtmry ml lie* t«*i»i|*et*»ture *4" melting 1 1 I 

gramm*** iti inant* *4 a n»u«tiitil cfim wrUmnu arm amt of a 
ictitflli *4' Ifltl'J 

tf, Th*» which hit* the value ill terms of tin* 

eentsmeire, |l»r gramme, amt the second of time, unit which is 
tr|*rr«piiir(! by the unvatyiHg electric current which, when 
tlir«uigli m dilution of nitrate of nit vet* iu water, in 

unmrdaiicc W'ilti the Mj#eeiiic4th»ii appended hereto, ilt*|n ihlIh 

nill‘ 1 * Sit the rate of 0*001 UK uf a gtrttlllHe jset' second. 

3 , The mi!, which )uu the value Uf, ill tt*rni-H of the eenli* 
the |tririfini*>* ami the mamml wf tium, being tin* 
eWtml that, If Nttwlily applied t«» a conductor 

wlt«M» mMii^ if* um nhm» will pmfueit a current of one 
nmfimt «ttfl w Willi in t*y&mikUd hy 0 U$H (III!) uf tm> 



And whereas they have caused the saitl now denominations 
of standards to bo nmdo and duly verified. 

Now TinntKroitE, Her Majesty, by virtue of tlio power 
vested in Ilor by tho said Act, hy and with the advice of Her 
Privy Council, is pleased to approve the several denominations 
of standards set forth in the s( died id o hereto as now denomina- 
tions o!' standards for electrical measurement. 


SCHEDULE 

I. —Standard OF ELECTRICAL KESTSTANCW 

A standard of electrical resistance dmiominate.d one ohm 
being tho resistance between the copper terminals of tho 
instrument marked “Hoard of Trade Ohm Standard Verified 
3 894 " to the passage of an unvarying electrical current when 
tho coil of insulated wire forming part of the aforesaid instru- 
ment and connected to tho aforesaid terminals is in all parts 
at a temperate ro of 15*4° C. 

II. — Stand ard of Electrical Current 

A standard of electrical current denominated one ampere 
being the current which is passing in and through tho coils 
of wire forming part of tho instrument marked “Board of 
Trade Ampere Standard Verified 1894 " when on reversing 
the current in. the fixed coils tho change in the forces acting 
upon the suspended coil in its .sighted position is exactly 
balanced hy the force exerted by gravity in Westminster upon 
the iridio-platimnn weight markotl A, and forming part of tho 
said instrument. 


III. — Standard of Electrical Pressure 

A standard of electrical pressure denominated one volt 
being one hundredth part of tho jnmsure which when applied 
between tho terminals forming part of the instrument marked 
“Hoard of Trade Volt Standard Verified 1894” causes that 


See Appendix 0. 
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tnUiinii *4 lln* )»»rhMii m{* iIm- inMrmtu’ul whinh is 

*- mr.vmu-4 In f«»im t4m»* » ,,| ih<< .^huu** win* with 

llsr iltlAK*' liir |u|ll»'i«l «uik A I'rltilV iUl*t ilt'tlT HjljililMViillU 
*«f 1 1*«* j<4* ’»mtt «* »il»4 taift* th'il **t tit*’ liiluriill uuuk ll tluvin|t 
<» t**n »*l‘ th«< pr*’ Itt-i itj^ ju'oilmvil 
In til*- Eftjfif r«*s 4i*4 I* v intMiu of t!m c*y«*. 

J 

Tin* > >*0 > *si4 ur»Ci unM'iil** 4ir* tlrjiHntttl n{ (in* Hum’ll of 
Tm 4*’ l*oit***r4l*>* v, W hth’iiiii), 1 «<*tH ion. 



APPENDIX 0 


Official Sfeotftoation i?on the Piwpahation of the 
Clark: Cell 


Definition of the. Or.H 

The coll consists of zinc ov an amalgam of zinc with mer- 
cury and of mercury in a neutral saturated solution of Mine 
sulphate and mercurous sulphate in water, prepared with 
mercurous sulphate in excess. 

Preparation of the Materials 

1. The Mercury. — To secure purity it should bo first 
treated with acid in the usual manner, and subsequently 
distilled in vacuo. 

2. The Stine. — Take a portion of a rod of pure redistilled zinc, 
solder to one end a piece of copper wire, clean tho whole with 
glass paper or a steel burnisher, carefully removing any looso 
pieces of the zinc. Just before making up the cell dip the 
zino into dilute sulphuric acid, wash with distilled water, and 
dry with a clean cloth or filter paper. 

3. The Mercurous Sulphate. — Take mercurous sulphate, 
purchased as pure, mix with it a small quantity of pure mer- 
cury, and wash the whole thoroughly with cold distilled 
water by agitation in a bottle ; drain off tho water, and repeat 
tho process at least twice. After tho last washing, drain olf 
as much of the water as possible. 

*%. The Zinc Sulphate Solution. — Preparo a neutral satu- 
rated solution of pure (“pure recrystallizcd ”) zinc sulphate by 
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ftii%}i>tf **« a Ik A 4riUU^ >I * v. H h itr ii 1\ lui.-M i{ Wright 
i*l rr v^f at* »*f | « ■’ * * *‘ au*l a»hhm* .■ m** t * h it ] t« in |J l( t 

|*Titjw*rli'*n ««l V- |«’* h\ *4 tl»* , uu' 

S*« II*' Hi t all **' *»*V Ilf*' <»■*<!. 1 If t t) .til, ^h*Ul](t lt(‘ 

4 J litth ??*<■' •*‘■1 *•* 9 ' lit t * Ins * f , I * * 5 f l fu‘ t« HI |» lit I m*»t to 

w In* h 'flu- 1 -!’«lbtS t*»»» !•* * 45 -i* »l !i.<[ , v**i *»| !ti i ( ', 5Ii'v* 

nti**u* l* >■■»*- *t *1* >« i »!*«■* i in • .hutiM h«- mhlrtl \)\ 

tl*r »*i 4- «>»l l? |>* » 1 1 f !>) nl (In. ;'|||,. 

»m!j*h-iH sj 4 ;?..«!') t*« ii»- mIi a!i *»«■■ diiv la*-*- /tin’ uMtlr i. iiminin.f, 
awl iW %%\iiU- it til Haim, inl«ia 4«>rk lm| I Im, 

th* f» 1 .% 1 *» siIa**nM S*om -»-s it *•**!•*, 

Th* Mrr.'U' •!-; # xS’u *? *|4 **i «►' \litftiul ft' i\|\x 

Hi* .ash 11 4 SNCTu ’■*».’*'» S »ul|«!s :»t »’ tilth ! ft* . I It*' -til i pil.vl ■< Ml(n- 

tum, * >> 'iS.tl'. «»l Mitj.ii tU hum l in' Htni'li 

!*<* «■ ty :* % tr ■*' naturaimii, an4 a mu &H iftt-ittl it v u} jmre ni»»r* 

i m t ^h ak« f t 4 »- n|* in !t tt»-| fu I»<uii si li t . (i* of (ln« 

* *»| rir.uu. I hr- 1 *1 1 1 l»**l ai«n\»‘ a { 1*111 

|H'iattu*' *4 4i* H H its«' It a- uii hum ui (his 

H-ui)h-) .tlntr, H S«»mi tum* tu tim»% thru allow i( lo 

r»M»i , i MMiUitH' t*» A-Ar H orr amuiiahy uliih’ il is f<mliuji(, 
<7val*l*» *4 #mr »mIjiIuiIu thru l»* 4h4in<(t\ vMhlr, 

ntfil itlnutM W <h*»tnf*®sU4 thr**U£fh«mt 1 lt«* mass ; ii' this is )iu( 
tlir ftwr «s*M ttiMfr riy'4^hi lY»»tU lit* 5 stork Inillh’, UUtt Ifju'lll 

till 1 wl***S» l 

Tl»i*» s-i»Miir-i I hr f*»s miliiiii uf a ,,il ui*ttft| “iiluiinit 

*<1 t»|»*l its* s •< in u. 


7o r»*'f Uji* th* C V// 

Thr rrll uutv rum r| 8 i«'ttlly !«■ m-l at | * in it »tuall Irsl luhf nf 
aUuil *J rrtiliHtrlirt' > «!l Hiu l>n, mu( 1 »*S ?* f t'lUilUi'll •' 4 tiff]!, 
(Ma**’ llu* tiu*tviixy m Its*- hutf**m **!' I his luh»*, lillili}.*; ii in a 
th'jtBh *»f‘ ** 4 V H‘»% rrjitimr ft r , fill 4 fulk uImuiI U'h «’f lit illlt ‘1 IV 

Ihirk l*i lit th * 1 fill** 5 ' ; *»l III I hr fn|k hulf a hull' 

thrmigh whirls lli«» xiiw* lightly ; a! tin* other 

lipili 4 MHulhe‘ 8 ' huh ' 1 ior I hr llihr \\ 1 ih*h ru\f|‘M till* 

|>lrft ItMtlti uii*» ; ai! C h«‘ *«f llir r»u k nit a utrk 

VSiJlifll jh” all | nlirti thr rufk | =» J *11 u I* »** l iutn tin* till** 1 . 
\V«*lt tli** folk I Sp 4 »i!u^laSy- utfh Harm wah r, nii*t irau* il t«i 
4 lw|lk III 4 Irt r**!" *k*«HM* hitillst I ’a >*s tliU /ill** J‘* M l 

^liditC I miliiMrlr** . thrtttiyjh lhrf»»ii, 

t.h*tit 4 r-l h m<*» Ir \uth th»» lunr m v l«y UI«uuh uf a |«Utinum 
win* ulmiit N**. VP& Thl* U f»r»*t*«t**l fVum rotiHifk 

with tin* <>tlii*r tiwlrrkla *#f th<* t** e H **y l« it*K *1 ini** a 
Ifliiw tulMf. Tii«J With* <#f tfot? win* nrutrot fnuu ihi> mils »»r ihu 
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nxc cud forms the terminal, tlie other end and a. portlt** 
tube dip into the mercury. 

a tli e glass tube and platinum wire carefully, t3 4 *,r. 
g exposed end of the platinum red hot, and insert it : . 
:oxxry in the test tube, taking care that the -whole 
>os eel platinum is covered. 

:e xip the paste and introduce it without contact wit" 
■)cr part of the walls of the test tube, tilling the tur 
tlxe mercury to a depth of rather more than 1 cent: - 


li insert the cork and zinc rod, passing the glass tub- 
li tire hole prepared for it. _ Push the cork gently clow n 
;s lower surface is nearly in contact with the lirpul*?. 

: will thus be nearly all expelled, and the cell slioul i 
ill tiliis condition lor at least 21 hours before sealinir 
slioxxld be done as follows : 

t .some marine glue until it is fluid enough to pour 1 - 
l weight, and pour it into the test-tube above the euriT. 
sufficient to cover completely the zinc and soldering, 
ass lube containing the platinum wire should project 
my above the top of the marine glue. 

cell may be sealed in a more permanent manner 1 >y 
r tilie marine glue, when it is set, with a solution *7:' 
l silicate, and leaving it to harden. 

cell thus set up may he mounted in any desirable 
r. It is convenient to arrange the mounting so tiu&t 
il may be immersed in a water bath up to the level of, 
I© xxpper surface of the cork. Its temperature can tlitrti 
ermined more accurately than is possible ay hen the cc* i * 

ir. 

xsing the cell sudden variations of temx>crature should 
as possible be avoided. . 

i fox' m of the vessel containing the cell may l>e va ri«*.t 
f II -form, the zinc is replaced by an amalgam of 10 part- 
dorlxt of zinc to 90 of mercury. The other mate na b 
i be prepared as already described. Contact is mad- 
be amalgam in. oae leg of the cell, and with the niter- 
n tlxe other, by means of platinum wires sealed through 


PROBLEMS AND EXERCISES 


QUESTIONS ON CHAPTER I 

1. In wliat respects does an electrified body differ from a 
non- electrified body ? 

2. Name some of the different methods of producing electri- 
fication. 

3. A body is charged so feebly that its electrification will 
not perceptibly move the leaves of a gold-leaf electroscope. 
Gan you suggest any means of ascertaining whether the charge 
of the body is positive or negative ? 

4. How would you prove that the production of a positive 
charge is accompanied by the production of an equal negative 
charge. 

’ 5. Describe an experiment to prove that moistened thread 
conducts electricity better than dry thread. 

6. Why do we regard the two electric charges produced 
simultaneously by rubbing two bodies together as being of 
opposite kinds ? 

7. Explain the action of the electropliorus. Can you sug- 
gest any means for accomplishing by a rotatory motion the 
operations of lifting up and down the cover of the instrument 
so as to obtain a continuous supply instead of an intermittent 
one ? 

8. Describe the state of the medium between two oppositely 
charged bodies, and state how you would determine the direc- 
tion of the lines of force at any point. 

9. Explain the Torsion Balance, and how it can be used to 
investigate the laws of the distribution of electricity. 



PROBLEMS AND EXER»;ISF-S ::: 

10. Describe what takt*s place as an *-l . .. 

ball is made to approach a large cunlm-uu^- >* * 

diagram the direction and relative , i: ,, . * 

11. Two small balls are charged re>|^. tr s a it; ^ 

— 8 units of electricity. With what Ibn ^ wih 

another when x>laced at a distance of 4 renting r> - 

another ? ’ j i ^ j r4>j , 

12 . If these two Imlls are then made t»> i*>u? h f - *?, 
and then put hack in their former poaitiouv vut:, •« .*• ? ? 
will they act on each other i 

Ans. They will repel one another » ir !. j. ! , 

13. Enumerate the essential j»art« of an 
and explain how they operate to prudtio* rln-Tnn 

14. Take tlie diagrammatic reprr^-n tat bin ? * .■ - W 

liurst machine (Pig. 40} and till in the im^ r. r ... . .. 

showing their direction and relative nuiaU-r. 

15. Explain the action of the Lcydrn j *t >-¥ xh* 
tion of electric displacement. 


16. Describe four different ways ©f electrifying a 
crystal. 

17. Zinc filings are sifted through a tier# mmfkr of .rw^rr 
wire upon an insulated zinc plate joined by a wir* t& *a fWfe* 
scope. What will be observed ? 

18. Explain the principle of an 

why it is that the two oppositely charge 1 plate* b*** 

signs of electrification when placed near titan 

drawn apart front one another. 


19. There are four Leyden jar« A, B- »ud_lV ^ 

B, and D are of glass, C of guttaperclut. A, B, a*d 1 
the same size, D being just twice m tali awi tv'#-* .** 
as the others. A, C, and D are ©C the taw As. 

material, but B is made of glass only half »» thuk *» A 
Compare their capacities. T> 

^ns. Take capacity of A » 1 : tl»t erf B 

that of G will be 1 ; and that of I> wili W 4 



20. Ho-w would you show that a bar h&l? *J *& 

half of copper is capable of producing elt-etrifecatooa 

21. How would you prove that there i» ^ e**tni*-*t** 
within a closed conductor ? 
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;rz. U lie- *<l a body from uauapi; 

«sJ |t-i ■aitl^rr ? 

vm K\pUsn i!i«- <v tiuii ut Hamilton** mill. 

?1 T*-* '*> in b»Ik »!n«mf«4 >>ii ghuM nti'tiiH Hi'n plotted h; 

mu m- !* *j> til Mu*> *.f thi'iii h gradmtHv Hui,rgt»i| liy a muchl 
'»*«!»! •» ■>!*■« I li-iwn-ii il*«< two ImlU. Htiitf exactly wl! 

happr-m*! *n la*’ * *? !»« r i*r4Ht» I a 11 mot in tin* iulrrvi'uiug air 
i«* lb** u| tht ctp|H'>tMnct* »d the .^puk, 

I s « !i si®- a lr* {?K d« mily. A « barge uf y-lM units or ol 
tu. ci\ l»> 4 n|»ki«'t« 4 ill -l fvutiuu’tiVH nuli uh, \V1 

»*•* stir 4«?i'»sSv »•! dir i-bargr ! *ln$, 1 *2U Hoar 


ijfKSTIoNS ON rUAPTKK il 

1 . A tln.r.-n utrrl «r W ttlg |K«<dlr« Hie llUUg tU H hUMsIl 

llirr-4«U thr«mgti llmir eye*. Ilmv w ill limy behave when hx 
iMPf iIm- j*4e t*l 4 strong magnet f 

y. KxpUtu the M|*or»Uhm of Ait iron amwu in protoctin 
l{4lv«ti*mipkrr needle from magnet* In it« vlehiity, and at 
why IS t* t»*4 jury frilly effectual, 

:i us nhitl neiMtd, «ui*l m| what ahnpo, would you mall 
itiniinri |*» pn *.rrve it* mugnetiMiu uimlto 

f«r a t*-ry J*»iig linn 1 f Ui’M’mIm* tlu* prunm* of tempering. 

I \Vli*l m meant by tlu* resultant magnetic foroo a 

|4t»iul t 

f». Six magnets ml *oi ing * needle* uro thruut vortlos 
throng!* Ms little itik&i* of rurk, and urn placed in a baaiii 
*4l«r utth their N -pointing |h»U*h upward*. How will t 
iitm another, and what will be tun effect of holding o 
tliimi Urn H punting j«de «»f a magnet I 

«, Wlut dUtimtiim do .yuii ilmw bwtwoou magnets i 

magnetic matter 1 

7, On at* iron which U laying a Htihmai 

t«dr*|ffA|»k th«*r«» isi a grtlvAUoltieter u*hhI for loating 
mmOmdty «»f tin* mh\v. ft U mwsmary tt» nortwii the magi 
l««I tiffudlt* of tho jmlvamitiirtpr fVom being a Hooted by 
migttCFtUxtk of the ah ip* flow tmtt thin bo clone 1 

g. How would you prove two nmgmds to bo of oi] 

itrtmgtli f 
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9. The force wluoli a magnet-polo exerts upon another 
magnet-polo doorcases an you increase Urn distance between 
them. What is the exact Jaw of the magnetic Ibruo, and how 
is it proved experimentally ? 

10. Describe the behaviour of Ewing’s model of molecular 
magnetism in a magnetic held, and show how it corresponds 
with the hohaviour of iron when magnetized. Divide the 
process of magnetizing into three successive stages. 

11. What forco does a magnet-polo, the strength of which 

is 9 units, oxert upon a pole whose strength is 15 units placed 
6 centimetres away ? Ana. d dynes. 

12. How would you place a lung magnet so that one of its 
polos deilects a compass while the other does not allect it ? 

13. Distinguish between the “ strength ” of a magnet and 
its “magnetic moment.” 

Id. Describe an instrument Ibr comparing the relative 
values of magnetic forces. I low would you use it to compare 
the magnetic moments of two magnets ? If their distances 
from the magnetometer are respectively 20 centimetres and 30 
centimetres, what is the ratio of their magnetic moments ? 

Ans.Z-.27. 

15. Two magnets have tho same pole strength, hut one is 

twice as long as the other. The shorter is placed 20 centi- 
metres from a magnetometer (using the oxid-ou method) ; 
state at what distance the other must be placed in order that 
tlioro may bo no deflexion. Ana , 25*198 centimetres. 

16. A polo of strength. 40 units acts with a forco of 32 dynes 

upon another polo 5 centimetres away. What is tho strongth 
oi that polo ? Ans. 20 units. 

17. It is desired to compare tho magnetic force at a point 
10 centimetres from tho polo of a magnet with tho magnetic 
forco at 5 centimetres’ distance. Describe four ways of doing 
this. 

18. Explain tho phenomenon of Consequent Poles, 

19. In what direction do tho linos of magnetic induction 
(or “lines of forco ”) run in a piano in which tlioro is a single 
magnetic polo ? How would you arrange an experiment by 
which to tost your answer ? 

20. What is a Magnetic Shell? What is tho law of tho 
potential duo to a magnetic shell ? 

2 3 ? 



Ki*rrvnmtY and maunktism 


MU 

It. Hute « gnu’ial hm w hi* h will middo you lo i'uitl tins 
W4j tu whnh ll»»- j«*rU «f a imitftii'tit' system tend to 

U*. !h*du*v Um* !*« *4 Mir term* on a magiudit*. |hi](* <ltio to 
a ruttrtit flowing 4 h»ng straight tn>jultu'l«ir. 

111. Urwul**’ tew t.» y*> of mmtruUing thn nmllu of ft 
galvwnnsmtei , 

17. What i» in*’ wit hy 4 M null mniliiMl " «»f olmiTvaliou ? 

•* 18, Why in Uio inwlh' of 4 Ungoul galvanometer madu 
vory short 1 

IP. You at#' with «m ammntei* and a voltmnter for 

thr |4tir|H»iut of awrr tattling tl«*’ **nrr»'Ut HUj*j»Ufil to an nlnnlro. 
lylte Kith. 4n4 tl*»* voltage at which it i« supplied. Show how 
you would Join thnu uj«. 

*M). Tin* current from two GrnveV yells wan |uimh«m] through 
a ntiia>KftivAtii)iuift«*r l» ti*«Nwittrp iu* strength, When the wm- 
•lm*iiii|C wires were of stent tmpper wire thn noils had tu 1m 
turned through 70 w twforw tht*y uteud twmdlol to thn muullu, 
Hut wfanti long tlilti wires warn used hm tmmlueterH thn e.oilH 
only r»*»|uirr*t to ho turned through 9\ Compare thn strength 
of th«* eurrent in the fir**! e*»e with that iu thn second mum 
when flowing through the thin wires which ollVrod eoiwidemblo 
rwUUliotn t-urrattU am m 1 to ft, ur as 0 to 1, 

31. A g»kte of #ifir mud a plate of copper urn respectively 
united hy eop|*er wires t« tin* two screws of a galvanometer, 
Tiioy war** thou ttinja**! »td« hy side Into a glass containing 
dilute mitphurin mdA, Thn galvanometer needle at first showed 
a dHtesion of 'Jl&\ hist Hvt* minutes later thn deflexion lmd 
fallen to X W I low do you omiunt for thin falling niff 

33. CUwdlV Ihiuid* uoennlititf to their power of conducting 
ftleetrUitty. fti wliiy h eU«n would melted pewter conic f 

23. Kamo thn mitetamwa produced at thn inmtlnand kathode 
rtwiHseUvely during thn plrotroiyitiM of thn following aulmUni’i'H ; 

diinU miphurk mdd, mlphutt 1 «/ euppt*r (dipnoi veil 
iu watorh hpifm'kkmtfi mid futrong), imikU of potassium (diu- 
»olv©d iti water), Mttmfa of Urn (fimnd). 

24. A miwnt In «mt through tltrnn nlnntrolytio unlln, tint 
first eotilnitiiftg mdc!ul4i«^l water, thnswoml sulphate of ooppur, 
lUo third oootaiiwi a solution af nilver in oyanhfn of potassium. 
Mow mink mmm will hn^D Imm dsnutited iu tho aooond cull 
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while 2*2(18 grammes of silver have been deposited in the third 
coil? Ami what volume of mixed gases will havn boon given 
oil’ at tlm same timo in 1,1m first; ooll 1 

shut. ‘(Kino grammes of copper and H.TW cubic centi- 
metres of mixed gases. 


25. A current passes by platinum electrodes through three 
colls, tlio first containing a solution of blue vitriol (cupric 
sulphate), the second containing a solution of green vitriol 
(ferrous sulphate), tlm third containing a solution of ferric 
chloride. State tlm amounts of tlm different substances evolved 
at each electrode by tlm passage of 1000 coulombs of electricity. 


Ann 


/,*■.„/ tun f Al101 ^' 'MW gnuumo of oxygen gas. 
* ' ' ' > \ Kathode *11281 gramme of copper. 

O, ft, 11 I Anode *0821) gramme of oxygon. 

' ( Kathode *2002 gramme of iron. 

I Anode *{1(1711 gramme of chlorine. 


Third thdL 


{ Kathode '10115 gramme of iron. 


2(1. Tile ends of a eoil of fine insulated wire are connected 
with tlm terminals of a galvanometer. A steel har-magmvt is 
pushed slowly into the hollow of the coil and Hum withdrawn 
suddenly. What notions will he observed on the noodle of the 
galvanometer '( 

27. Round the outHido of ft deep cylindrical jar arc coilod 
two separate pieces of line silk-covered wire, each consisting of 
many turns. The ends of one coil are fastened to ft battery, 
those of tlm other to a sensitive galvanometer. When an iron 
bar is poked into the jar a momentary current is observed in 
the galvanometer coils, and when it is drawn out another 
momentary current, hut in an opposite direction, is observed. 
Explain tiiese observations. 

28. A casement window Inis an iron frame. The aspect is 
north, tlm hinges being on the east side. What happens 
in the frame when the window is opened ? 

29. Explain the construction of the induction coil. What 
are the particular uses of the condenser, the automatic break, 
and the iron wire core ? 


{10. It is desired to measure the strength of the field botwoon 
tlm poles of an electromagnet which is excited by a current 
from a constant source. How could you apply Faraday's dis- 
covery of induction-currents to this purpose ? 

81. A small battery was joined in circuit with a coil of lino 
wire and a galvanometer, in which the current was found to 
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tnoduer hli*<i«lv hut Miinll deflexion. An umimgmihvd inm 
bar wan now blunged into t he hollow of tin* euil and thou 
withdraw u. The gnh fUiomrt» r iterdh 1 wax observed to remit* 
uumtettUrily from it* lir*t jnj^it i»*n* thou lo return and hi 
swing beyond i( with a wut<*r are than before, and finally tn 
not lie dow it in it* original delie\h»u. Kxplniu lliene arliitiiH, 
and Mate what wn* t It** muuvo of the energy that moved Uu> 
needle, 

.T.h A tangent galvanometer, whose "rnuxtaiit” iu ah™. 
lut«Mimla wan HUM, wan joined iu riivuit w it h a hat lory and 
an tdrrhnlytir « , * , 11 ruiiUiiiiug anoluUuu of mlvei*. Tin* rurmit, 
wan kept *ou for «nu' hour ; the detlevimi observed at tho 
beginning wan ini’, hut it. fell steadily dttiiug I ho hour luisr, 
StipiHinittK tin* horizontal mmpunent of t lu* nu’lh's umguetie 
forvo fit ho *&H, ralfuUti* thi* amount of silver deposited iu t lit* 
ooll timing tho hour, the absolute electro rhemirid equivalent 
«f silver being 0*01 UH. » / /i.x. O’hVtil t/nn/mir, 

JUS. A pirrr of ziue, at tin* luwor end of whiidt a piere of 
ooo|mu* win* ia Hard, h kiihjioiiiUhI iu n ghiHH jar ooutainiug a 
solution of acetate of load. A (tor a fow Imurw a I. of load 

iu a curious treedske form (“ Arbor Haturid ") grown dmvn* 
wards from tin* copper wire, Explain thin, 

34, Explain the ronditimm utulor which elect rieily cxeih’H 
muscular contraction. J low ran the eniivenur phenomenon uf 
current* of olrrtririty produced hy muxc.u lar contraction bo 
almwu ? 

35, A certain piece of apparatus 1m* two terminals «m each 
nidi*. To these a pair of wtrea, A mtil H, aro uUtmhed ut turn 
aide, and another pair at 0 and Ih Examination with a 
voltmeter shows that tiio potential <»f A U higher than that of 
R, and that of U higher than that of Ih Vet examiimtinn 
with an nmpcrr«meter shows that a curmit in tinning frum 
11 to A through tin* apparatus, and another runout from (! to 
J) through tin* othor jwu’t of tin* apparatus. Hy which circuit 
in tho energy ruining in, and hy which in it going uul } 

an. Show that if N magnetic lines art* withdrawn from a 
circuit of resistance R, tho igiantity of olorlririty tlu-ivby 
traiiaforivil around tho rirruit (Ao, tho linn* integral of Ihu 
imlttutnl tMim'Ht) will ho y N/R. (See Art. 22fi.) 

3 7. Tho atrongth nf lh< 1 ihdd hotvvron tho ]ioh*a uf a largo 
olnatrrmiagiiet ww ilrtorndnml hy tin* following iiu'iuw : A 
mmvll oiraular ooil, imnaintlugof 46 fctinmof ilno Immlatod win-, 
mounted on a handle, waa otmumRed to the lormiimlH of a 
loug»ooil gaivAuam«'tor having a htmvy noodle. On inverting 
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this coil suddenly, at a place whoro the total intensity of the 
earth'** magnetic force was ‘48 unit, a deflexion of 0 U was 
shown the first swing of tho galvanometer noodle. The 
sensitiveness of tho galvanometer was then reduced to by 
means of a shunt. Tho little coil was introduced between tho 
poles oL' the electromagnet and suddenly inverted, when tho 
first swing of the galvanometer needle reached 40°. "What 
was tliO strength of tho hold between tho polos ? 

Am, 315*7 units. 

QUESTIONS ON CHAPTER IY 

1. Define tho unit of electricity as derived in absolute 
terms from tho fundamental units of length, mass , and time, 

2. At what distance must a small sphere charged with 28 

units of electricity be placed from a second sphere charged 
with tftf units in order to repel tho latter with a force of 82 
dynes 'l Ana, 7 centimetres. 

3. Suppose tho distanco from tho earth to the moon to he 
(in round numbers) 383 x 10 d centimetres ; and that tho radius 
of tho oar thrift GBxlO 6 7 centimetres, and that of tho moon 
15xl0 7 centimetres ; and that both moon and earth are 
charged until tho surface donsity on each of them is of the 
average) value of 10 units per squaro centimetre. Calculate 
the electrostatic repulsion between tho moon and the earth. 

4. A small sphoro is electrified with 24 units of + electricity. 
Calculato tho force with which it repels a unit of + electricity 
at distances of 1, 2, 3, 4, 5, G, 8, and 10 centimetres respect- 
ively. Than plot out the “ curve of force 1 * to scale ; measuring 
the respective distances along a lino from loft to right as so 
many centimetres horn a fixed point as origin ; then setting 
out aa vortical ordinates the amounts you have calculated for 
the corresponding forces ; lastly, connecting by a curved line 
the HyBtom of points thus found. 

5. Define electrostatic (or electric) “potential” ; and calcu- 
late (by tiro rule given in italics in Art. 263) the potential at 
a point A, which is at one corner of a square of 8 centimetres’ 
side, when at tho other throe corners B, 0, D, taken in order, 
charges of + 16, -I- 34, and + 24 units are respectively placed. 

Ans. 8 (very nearly). 

6. A small sphere is electrified with 24 units of + elec- 

tricity. Calculate the potential due to this charge at points 
1, 2, 4, 5, G, 8, and 10 centimetres' distance respectively. 
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Th« U Mid fhr ’S-tirsv tu UN di'Mt’nlwl 

Itt '4t«*U I, 

7. A nHtill ‘s i * f s a ■ 8 «■ t-h.irj,** *1 with too units of pUmlririly is 
hi < i U-*th «'S “i* having it dirhvttir riijim-ity 2, find 
tin M* si wm;iM »• '«**l *«** *i uml rlmrgr 5 cvntimi*in*.s away. 

Am, 2 tljinrs, 

I »iiltlltft|i'>h l*rl%lrr|* I hr t*ll| f«lP»* th’Usity fit il point llllll 

ihr wi 4? Unit l“*iii! ihir !*» mighhouruig rlmvgrH, 

V VVliiil fti»- «‘*iuii‘''Utt!i4l mu -fill'll/ Why in Urn suvfmm 

of ;lll 1 -ulHllrfor 411 IHjlU|Hitt*I|tinl Hiufilupy Ih il. 

rilttaV -* *»* 1 

1*1, Slum iImi! ihr- ttf mi intthiiftl n)ihi>rt« in nir of 

I;m!uis r « *'4|M*-ilv ***|»uil l** *• units* Whnl in tin* rhm.lru- 
?4aUr u ml »•( *'4|*4*‘Uy ? 

It, Why ih (hr ]«4rlttui uf (hi* Pill'll* llllP tu rlwVgl'H ilmi 
wr |«d«hi»’r j*Mrto'4fljr nji»s»! t»* arh* / 

13. A nplirrr w h****’ ntthu$ t* 14 pun limn Iron is idiurgod 
until tlip MirlVic* i|p|i»ity li*» n vaIup tif 10, Wiuit (juttntihj of 
pJwilricily i» ypjjniml fur thU I Am, 24,040 units (unirly), 

I a. Its llit* nl»**vp what will Up thn potential at llm 

nurfmtp <*l I hr h|»h*’fp ? (H*m Art, 'iiU *. ) Am, 1700 (vpvy Hourly), 

14, In fhr niAp nf 1*2, wlmt will lu« tlin rhrtriv/om 

at a |««iul tustshlr flic* nj»iu ir *ut»l i mUl'mi t 'dy upur tu its huv- 
fiu»«* f (An, y7«».) Am, 125*7 (vmy Hourly). 

If*. Hiij»im>?sp n hiitirfo wlmw radius U< 10 ppiitiim'lroM to ho 
phnrgrd will* rt3#4 unit* uf idwtrh’ity, awl I hat it ih tlum 
rttlinrd t«* nlutrr it* rharg*' with a JummUmlrMU'd Hpluu*n wluwo 
nut in* ih If* rrnl imi’trrs, what will tin* rpajKmtivp phargoH uud 
«nrfapp*d*’tmiiUa ***• I lip two «|iIirrpH Up whrti w*.j iaralt«<I ? 

Am, Huinil HpluTr, t/ 2510*11, $^2: 
te&rgr h|i!ipi*P) i/«U 770M, y^ l’ilO, 

\t\, A rhargp «f -i a unit* U pulliwtwl at a |Kiint 20 couti* 
itiptfpa frmfi tlirs rpfitrp nf a mptallic hiiIuh'p wlumo 

rmltu« in Id ppiilimrlrr*. It iinlt|pp» a rippUlvp idpidrilicntioii 
n\ tiip iirnrpNt *i»lr »*f U»p njilipfp. Klmt & imint iiwliln thu 
»phprp mirli that if 4 iH’isatlvi* unit* worn tihu'Ptl tlipru tlioy 
wmthi PtPh'iw* » |w»tpiitUJ all Mturonl |»uuitN nxnptly oijunl 
t« that *«f flu* n«*lu«1 npgativp idwtrHlmithsn. (Him Art. 275.) 
<rfH9. Thp j«»int munt \m <m Uto lim» tmlwimu th« out- 
aiilp jMwitivp rhargp nml thu puiitro uf th« Hjiihoro 
ami «i B oauUvu*. iVwlu the nuffttov* 
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17. Two large parallel uiol.nl plates are charged both 
positively lmt. unequally, tlm density at the muTiloo of A 
being I (i, (.hill al. l.ho Mtu'faeo of It being i !t. They are placed 
2 centimetres apart.. Kind Mia j'oreo wilb which a *|* unit, of 
electricity in urged from A towards B. Kind also Uio work 
done by a I- unit, of electricity in passing from A to B. 

Ann, Klee trie Juror from A Iowan I h lb-M 8*85 dynes : 
work, demo by unit in passing from A to B -.37 *5 

18. What is meant by Mm dint nut tons of a physical 
nuanMky? Deduce IVom (Jio Law of Inverse Ht/nares the 
(limmisionH of olookrioiky ; and hIiow hy this means i.lial. 
electricity in not; a (juankiky of Mm name physical dimensions 
as either nuttier t ramjit t or/om 1 . 

10. Kxplnin Mm eonsIrtieMoii and principles of action ol* 
Mm quadrant electrometer. How could Muh instrument lio 
made self-recording V 

20. Describe Mm construction of an electrostatic voltmeter, 
and Hkakn »omo <d‘ Mm advantages Miat this instrument 

pOSHCHHOH, 

21. Ono of Mm two RoatingH of a condenser is put to earth, 

to Mm other coating n charge of MOO unitH is imparted. Ik is 
found that tlm difference of potential thereby produced 
between Mm coatings in 35 (electrostatic) units, What wan 
tlm capacity of Urn condenser ¥ Ana, 300. 

22. What is Mm moaning of specific inductive capacity? 
Why doi‘M hot glass appear to havo a higher specific inductive 
oapaoity than cold glass '{ 

23. Describe a method of mapping out tlm linoH of force in 
an electrostatic Hold. 

24. Two condensers of oapaoity 4 and 0 respectively aro 

placed in parallel ; and in hoi*ioh with tlmm in placed another 
condenser having a oapaoity of 5 microfarads. Kind tlm 
capacity of the whole combination. Ans, 3 ‘3. 

25. Horn pare tlm phenomenon of the residual charge in a 
Leyden jar with the phenomenon of polarisation in an electro- 
lytic cell. 

20. A condenser was made of two flat square metal ] dates, 
tlm Hide of each of tlmm being 35 centimetres. A sheet of 
iudiarubber *4 centim. thick wan placed between them uh a 



Tim ti»*lu* I i v ** mpurity of iiulmnihliri 

bring Ukm a** U * nlmhUr tin* <**i y uf tin* nnnh‘nm*i\ 

ft WM t'h rtroxtatk units, 

*»7. rah-nUlr in rh«U*»4ahr nnihA Urn ni parity of a mild 
of tub-graph «abh*, t !»»* **»«■•' bring a ‘ “(‘[mt win* of ‘1 H tumlim, 
♦iminrt* t * M»mMi»>lni l»y * nUmthing »*t gnttnprtvha *iU muitim, 
thirk, | A i.u gutup* mb a Vi’ tit; mu* milt* * l(i() } flfl!j 
rriitmn. j v/w*. WU, lU*t units , 

pH, A f jai m *noh t»* >*harr i f * t'lmrgn with two ntlmi 
jrtl?s rarh i*i w IsM’h i* « >pu 1 !»» iS m OnmpUl'M Liu 

Vungv of th* 1 rtmigr m »*m jai with tin* rnngy liftin' origina 
rlnugr, - 1 n -i. Urn* ninth uh gmil 

VMI, A uf h» v*l«'U jar* uf 1 'ijtmi uiijUfity ar«* I'lmrgw 

** in ritNUiiilr.** r**u»jM»»r (hr toUl on ii/i; <*| (In* rlmtgt' of tll< 
n,«ln hltta) j.»m I hu** rhnignl, with that of a ninglr jar cliurgn 
tV* HU (hr MUM' , »u|||« « > 

rift, rUnnify |l»«* vniioitn mo*h a of tlimhuigr, iind wtllU' 111 
nmilitiotiK umhi w hit'll tliry ***‘*'ur, 

Ut, Hupjtnm* ii rMU«tu|*«M'f» wlnw* oajuti'Uy in 10,000 t*1 target 
tn tmiritltni 14, to hr partially slWlmrgr»l m that tlin poti'Ulla 
foil to ft. thilVutoto tin* amount of boat proifumi hy th 
ilmuhnrgr, uii tin* *uji|«»nmuu Hint all till* uitorgy of the npur 
in nnni itni into in it. Hit. uUUUftV of h unit of boat 

Up, !h*w * tu rhnng** ! * uf procure nltVrl tin* }«im<ngo of cliiatH 
n park* through mv f 

XI nomu of tin* pmp»*rlh»* of umitor lit ila ultra 

gAMtutitift or no/ hi of 

U|, Why iiru hk graph to (kiguftl*! through a mihmrrgrrt oahl 
rotnuhii m (rammis^um, amt how mu thin rctanialioh 1 
obviatnl # 

Uft, Him i» tin* ililfi rriiru of |H>t<*nfinl hrtvvrm tin* wart 
ami t hr air m!hiu< tl niratturnl ? amt w hat light tin am? 
luvn^nmm ui i throw *>n lh«* |H*rt«M|ii* variathum in tin* «*Uwtr 
ral stair *»t tin* atn»«r*ph« ir ? 

Ult, What r\ph* nation ran In* given of tin* phriiuumtnm uf 
thutnlrratoriii ? 

* 17 , What aro Urn rwitlUl ft-aturi** vvhirh a llghtningmui 
dui'tur muni |hwmi«*»m» Imfurr ii ran hr pronominal na tin factory 
Amt wlmt ar** tin* tmmtm for iinhlMig on tln*w |aiintfi? 

m, 1 Um «a»t Urn iluraiiou ut an rUctrin spark l»« mi'iwurwl 
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QUESTIONS ON CHAPTER V 


X. Define magnetic potential , and find the (magnetic) 
potential due to a "bar-magnet 10 centimetres long, and of 
strength. 80, at a point lying in a line with the magnet poles 
and 6 centimetres distant from its N-seeking end. Ans. 8*3. 

2. A N-seeking pole and a S-seeking pole, whose strengths 

are respectively + 120 and -60, are in a plane at a distance of 
6 centimetres apart. Find the point "between them where the 
potential is = 0 ; and through this point draw the curve of 
zero potential in the plane. 4 

3. Define “ intensity of the magnetic field.” A magnet 

whose strength is 270 > is placed in a uniform magnetic field 
whose intensity is T66. What are the forces which act upon 
its poles ? Ans. + 45 dynes and - 45 dynes . 

4. Define “intensity of magnetization, ” A rectangular 

bar-magnet, whose length was 9 centimetres, was magnetized 
until the strength of its poles was 164. It was 2 centimetres 
broad and *5 centimetre thick. Supposing it to be uniformly 
magnetized throughout its length, what is the intensity of 
tlxe magnetization ? Ans. 164. 


5. A certain electric motor has 100 conductors on its arma- 
ture, each carrying 10 amperes. The number of lines of force 
passing through the armature is 500,000. Find the work (in 
ergs) done in one revolution of the armature. 

As each conductor cuts the lines twice in one revolution 
the answer will be 100,000,000 ergs. 


6. Eind the torque (see Art. 136) on the armature described 
in the last question. Note that with the above data the 
torque is independent of the radius of the armature, for the 
force on each conductor is proportional to the strength of the 
field, and this is inversely proportional to the radius if N 


remains the same. 


Ans. 


100,000,000 
2t r 


dyne-centimetres. 


7. A current whose strength in “ absolute ” electromagnetic 
units was equal to 0’05 traversed a wire ring of 2 centimetres’ 
radius. What was the strength of field at the centre of the 
ring ? What was the potential at a point P opposite the 
middle of the ring and 4 centimetres distant from the circum- 
ference of the ring. Ans. /— *1571 ; V = ±0*0421. 



8. («) A H|»irnl uf wire uf 1000 tiirnn mrcics a current of 1 
impure. Kind the magnetomotive have which it r\«*rts. 

A ns. lur>7, 

(/*) If the spiral wen* 1 metre in length and 1 inu*ln* in 
diameter, liiul tin* three tut a unit pule placed (1) in itn fnitrc* ; 
[a) at it* end# An#, \Thi tiifnt'H iihtl ll'XH iti/nrs, 

p, 'Wlmt limit* ar»* there l«» tin* jimv^r uf an electromagnet ? 

10. What U tin* advantage in lining an iron con* in an 
dertro-jiinguet * 

It, A r*«t of noft Iron, OMU t*m, tu diameter and 1 metro 
lung, In uniformly overwound hum mat tu nut with an in- 
minded copper wire making flit? turtiN in tun* layer* Kind 
[lining llidvvellS* data in Art, !W,i) what atrrnglh of pules this 
rot! will arguin' when a current uf f» ampercM in m«ut through 
lilt' coil. Ann, miffs, 

V2, Knumdalc Maxwell'* nth’ eimoerniiig magnetic hIii'Uh, 
md frutti it deduce tlu* law* *»t parallel ami ohlhpn* oiutouLh 
dimuiveml hy Anijn-rt*. 

10, A cimuiar unpper diah la joined to the Kina pole of a 
small tmitery# Acidulated water in then unu red itdo thu 
linh, and a win* from tin* «*ari«»n |«*U* uf tin* huftory dips inLo 
the li«| tti«l at tin* middle, A lew »emps of cork am thrown 
in tn render any miiveiueiit uf tin* Injnid vinihle, What will 
[imiur whim tlu* Nm-eking jade uf a Hirtiughnr nmgnrt in held 
thuvu thu dinh f 

H. Itagei hung up a » pirn I uf mpfinr wire an that Urn lower 
i»ml ju»t dipjmd iutu a eup uf mercury, When a Mining current 
wan Hi’ lit through tin* apira! it started a n»ntimu»iw dance, thu 
lower end producing bright »park« it dipped in and out uf 
Lho mercury, Kx plain tld» exj««rlnmnt. 

15, It la tudieved, though it Im* m»t yet been proved, that 
mnu' i*« nmn» utmugly magnetic than oxygen. iluw could 
Lhin he put tu proof f 

10. WImt i* meant hy tin* t«*rmi*ahility uf a Miitaliuico ? 
Hiatt* Htime autataurei* ill whii’h it i*t constant, and mime ill 
which it variea, 

17# Dwwrilw n met hud uf mwnmring tin* permeability of 
iron, 

18# A Hog of iron U wotiiul with two rtiiln, One foil In 
umneetwl to ft tat little gatvatiunwter, and on connecting thu 
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otlior to a battery a throw of the needle of 160 scale divisions 
is observed. The current is then broken and there is a throw 
of 40 divisions in the opposite direction. Why are the two 
throws not equal ? . What change has taken place in the iron ? 
How would you bring it back to its original condition ? 

19 . Sketch a closed hysteresis curve for hard steel, for 
which, when H is raised to 100, B = 12,800, and for which the 
remancmco is 9500 and the coercive force 40. 


20. An iron bar 30 centimetres long and 10 square centi- 
metres in sectional area is bent into the shape of a horse-shoe 
for the purposo of making an electromagnet which shall have 
a pull of 66 kilograms upon its armature (a bar 12 centimetres 
long and 10 square centimetres in section) when it is | inch 
away from its poles. Bind the number of ampere turns 
required, assuming a leakage of one-tliird of the lines of force. 

Taking the formula : — 
w 

~~ x 20 sq. cms. of pole face = 66, 000 x 981 dynes, 

wo got B = 9000. Erom the table, Art 364, /tq for the armature 
= 2250, B for the horse- shoe = 1 *5 x 9000 = 13,500, so that 

=900, thou ampere-turns= 

. A? + 2x°;5x2-54 \ -M -257 =1.8,930. 

| 10x2250^10x900 + 10 / 

21. What thickness of copper wire must be used to wind 
the above magnet in order to obtain 18,930 ampere-turns, the 
winding on each cylindrical bobbin having a mean diameter 
of 7 centimetres, if the pressure at the terminals of the magnet 
is intended to be 100 volts. 

If r is the resistance of one turn, and s the number of turns* 

B 100 - . ... 7xtt 

r ~C5~18,930 


90,000 ' . 


; but we know that x 1*6 x 10 6 . 

_ ^1 8,930x 7 x4^0/6 


Hence diameter of wire, d 


10 6 x 100 


= 0-092 


cms. 

N.B. — The thickness of wire is independent of the number 
of turns (except in so far as this affects the mean diameter of 
the bobbin), hut the greater the number of turns the less will 
be the number of watts expended. 

22. What is the object of “polarizing” the armature of a 
magnet in a piece of mechanism, such as a relay ? 

23. Describe the construction of a current-balance, and the 
mode of using it. 
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t»rK^n*»\S u\ (‘IIAITKU VI 

. Tin* i . «* **f l«- 1» g* win* Wing t ikt ti as 1 :i ohnm 

lUll« T » Oli*l ll*»< t*> M K **t *1 1 4fi* til II** ll»* r«*|| IIM 1'1 volt) 
nhitr* h»»w itidiiy «•» IU rttr ii*’«st»sl f « » nt'iiil u rttri’Miil. nr 1*2 
f* nmprr<s Ou*mgh rt llll** IV 0 milts long ; assuming (Util. 
i*i*tru*n« til * hi * iti-nil iuin*ti iv •Ulnin'i* uh *20 milus 

irr surM 4**, «iini that H»«* h'lmn runvul through turtk 
in \\ ah III! ti^lTtUUt r. *//<;:. Ill (>1*11 h. 

!, »|0 (ffntr'-t rolls ; K M, l*. 4 tl|o\ r 1 *8 vntt\ uiV UJlilnl 

I’lirM, illul till’ rttrttil It! t'tiitiJiMrtl 1»Y U wilt' wlnriO VinIhI* 
i* | n \ !» u/« ms, Mujijuming lli*’ iuhTtitl moMhuun* c»|* filch 
{o I *|1 U ‘11 tfhw, t ilruhil*’ tin* ntiviigth t»l‘ tho rmroliL 

A us. ;i tuiqinrs. 

I, Th«’ <’urrr**t running through un iiirnmUmvitl. liUmiml 
utlnisi m u lump (niitnl U* usarlly 1 ttni pm-. Tim 

muiw uf |ki| I Wtwtnm tlin two fci*rmhmln ol' thn lmnji 

thr rnrmit w#y* flowing wnsi ftrnml to In* 80 rolls. Wlmt 
1 th«" frulKldiUH* t»( tin* tiWmoiit t 

L \ It'litM* KjHH'iflf |r ifn|.k|ti<f. Taking A Mpl'l’ilil* Ji'HiHhUUm 

*ujijM*r «■» III IV. * ’ *t I ** *1 i«t t «* t U«' ivHininM***' III* u Kilomi'lro uf 
per win* wlnm* *liAfii«'trr i* I luiUiiurtn*. Ann, ISO *1) n/u/ur. 

$, Ois ni«a*nrt!tg th»* r»'«i‘»lAin’p of a juror of No. »*Ui IkW.O, 
k’rrtnl ) I’itjijwr win*, IH'IU van 1 4 long, t fuutul it to Imvn u 
MUiunt uf :rt)V AimUtor roil of tin* muiiu* win* hud u 

inUlu o *t |' **h ms ; w hat huigth t«F who wun lltrl'o ill llm 

[ f ,■/«*. liirru yunU. 

{, t *nliMtUl<' l!i** h’M*»Uu**o *if h I’iiHitiH’tor unn hi( iiurn 
timotn* In uri’A of «*r«»^n nri tioii, ah«I long otiough In routtli 
III Niagum t*> Now Vi«rk» rorkoltiug UtU itiHtiunn* UM *180 

/8*K ufniiB, 

7, Filnl tin* i!r«ii» ht iWf* if 400 nmntw® is jnn«ritul { hrouglt 
n oimtUii’lor. What wouht ho U 10 vuint«* of jm\Vt*r (lit 
tt*) ? ,/«9. m,f>uo tv.duHjWOO mui*, 

B, Tho fU»m j*Ut«» to i»IaU in u oortuiu »*li*t‘lrolytio 

h in O’O of ah uA«i«. Ytm wish to (MOin tlinmgli it tlui 
cmgiMt mirr0nt yuu mn g»*t fbmt lit) Dariloirn 00IU, tnmh with 
atjUiUttttft of mm ohm* flow wmiUl ymt group tho w\h T 

Am, 4 in Aerie*, & hjwh in ptimilol, 
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9. The specific resistance of guttapercha being fi'fixlO® 1 , 

calculate the number of coulombs of electricity that would 
leak in one century through a shoot of guttapercha one centi- 
metre thick and one metre square, whoso faces wove covered 
with tinfoil and joined respectively to the poles of a battery 
of 100 Daniell’s colls. -Lis, 9*7 coulomb. 

10. Six Daniell’s cells, for each of which K--1 *05 volts, r 

0*5 ohm, arc joined in scrios. Throe wives, X, V, and Z, 
whoso resistances are severally 3, 30, and 300 ohms, can bn 
inserted between the polos of tho battery. Determine the 
current which flows when each wire is inserted separately ; 
also detormino that which Hows when they are all inserted 
at onco in parallel. Ans. Through X 1 ’Of) amperes. 

Through Y 0*11)00 ,, 

Through Z 0*0207 

T1 u’o u gh all tl i ree 1*105 » 

11. Calculate the number of colls required to produce n 

current of 60 milli-crnypercs , through a line I t 4 miles long, 
whoso resistance is 12J ohms per mile, the available colls of 
the battery having oacli an internal resistance of 1*5 ohm, 
and an E.M.F. of 1*5 volt. Ans. 50 colls. 

12. You have 20 largo Lcelanolni cblls (E. M.F. ~ 1 '5 voU, 
r~0*6 ohm each) in a circuit in which the external resistance 
is 10 ohms. Find tho strength of current which flows (a) 
when the cells are joined in simple series ; ( b ) all the sdnes 
aro united, and all tho carbons united, in parallel are ,* (c) 
when the cells are arranged two abreast (i.c. in two files of 
ton cells each) ; (d) when the cells arc arranged four abreast, 

Ans. {a) 1*6 ; (&) 0*1496 j (c) 1*2 ; ( d ) 0*702 ampere. 

13. . "With the same battery how would you arrango the 
cells in order to telegraph through a lino 100 miles long, 
reckoning the line resistance as 12£ ohms per milo ? 

14. Show that, if we have a battery of n given cells oacli of 
resistance r in a circuit where the external resistance is R, tlio 
strength of the current will be a maximum when the colls aro 
co upled up in a certain number of rows oqual numerically to 

VW-r-fiL 

15. Two wires, whoso separate resistances aro 28 and 24, 
are placed in parallel in a circuit so that tho current divides, 
part passing through one, part through the other. What 
resistance do tlioy oiler thus to tho current '( 


Ans. 12*92 ohms. 


I** r*»sn h » >i in* i** u* i*n«*mu* »•» u »»i 4 uglily 

ts •• -vihtiv ,% *1* (!«> uuu i»t ** W4* ohtjUtmd 

4 Jittoim-Vt *0 ”11**11 lt"d«tiU|Vrt) tltimigh 

* . am* «• u \ > hlamti I** W -l:u« nhmn % Till' Hittu,, 

*h ill ij>*n *4 *» u|«m|( lie*’ wmi’ wtivittimiirltsv v\l u ^ 
j* i- %%$-•> iitifi S it iu tin* I'iiVf 

>» 4 <s th* t* ->i iUiih f 

17 1>* i brnUm lit wliu h raMLsfuiti, t ; 

1^1 'i* i«-.i|«vl|1ir|y Writ* t|*»d 4» l hi’ hit’ll 

«!))»>,■ tit hr tlrCrrmimil Wil?i j 

ash *- **-,»* taUlirrd w hr 11 It®*' rtdjiinUlldo «‘tti |h WiTi* j 
2M S'K m* ||4 Im ( \\ llrtt W lM'1 |tH mii.Mlu, 

dh*l 

I s * I hr Ml' tiding rt lUt'ltv 

hi* AAWlr | 

la. flm- thr |if »*••!' *4 Ftt?itrr‘« luallmd uf IIU'Uhv 
* lr.!!*'tria*'«i» **f tr&taUtimi from Mm auisddrmiUm 

T«* iiinl its® v#»tUft«* of a cly «i«m* ymt <w»n 
ili» i»wl« rtf a fh*riitAti'»ltvi«r wlm 120 foot i< 
«u »n itiaiiUtiuK ryUtulrr, awl find that whan mm * 

^ f hiliii-lt'a rr-l! (l ’Of* V«U1 U j**iHlKl trt A juilllt mi [\\ 

I h«- mitr* t*-rmin«l m nwivn with a galvanimmlar i H 
i*« 4ii»l1»rt |H»ttil \ ft. ft mih Mm no dHlashm \% 

IVluM I* that vnHtfgc’ «*f Mitt tlyitaiUrt f -"hi J\ 

'41, \ l**ttrry uf f* T*w»Uttrtlir rails* Vim tHittUrt’U<{ 

# iyvuit »llh a |pilvAiii»fittttt*r amt a !«*& of rndnUlun 
.IrJlruMii rtf ;iir having Wm» oliUinrd bv atlju*lii) 
tr»i«tnirt'r» 4 it Wii fititml that thr iiUriHluattmi <t{ 
ii.ifinl 4»f*4 rmiiitAti^rt hnrnghi ittiwu t)m dt4h\vr 
A««umtit£ Hi** H«UAlirti»i« f t»*r tu Imvr HO oliltlH* rt'Hijj 
thr Uitrsual rrai^tflUicr uf l ha twittiTy* »iiU 

’jrJt. IImw sr*’ utAiuliirr] rrtsintAtiro <mlk wciuml, 

W hat tti«ivrUU arts th *y ttw«lci uf t mid why I 

Tl TI irw. \*ty Ktiull riaiitrUM «iUm «avo, w: 
it4i%Ai«tiiiti*ipr td ms apitrraUbta rt»i*l«Unnt»), a 

Ut\ Mu ittrtminic 20 tdmiH Uitt> thn uittntlt tlio ga, 
tr-Mdiim Ml tn *M\ CaUmUUs tlt« Inianml rwinUi 
rrlJ%* y/fw. 0 0 

9 J4» h length nf ftikgmjdi cahlo wp phnigad Ii 
water i,ti4 t km pMrgml for a mlnuUi frowi a ball 
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Daniell’s colls. The cable was then disc barged through a 
long-coil galvanometer with a needle of alow swing. The 
first swing was 40°. A condenser whoso capacity was £ micro* 
farad was then similarly charged and discharged ; but this 
time the first swing of the noodle was only What was 
the capacity of the piece of cable ? Am. 0*934 microfarad. 

25. Using an absoluto electrometer, Lord Kelvin found 

the difference of potential between the polos of a Darnell's 
cell to be 0*00374 electrostatic units (C.G.S. system). The 
ratio of the electrostatic to the electromagnetic unit of poten- 
tial is given in Art. 359, being =3 jv. The volt is defined as 
10 8 electromagnetic units. From those data calculate the 
E.M.F. of a Danioll’s cell in volts. Am. 1*115 volt. 

26. The radius of the earth is approximately C3 x 10 7 centi- 
metres. The ratio of the electrostatic to the electromagnetic 
unit of capacity is given in Art. 359. Tlio definition of the 
farad is given in Art. 354. Calculate the capacity of tlio 
earth (regarded as a sphere) in microfarads . 

Ans . 700 microfarads (nearly). 

27. The electromotivo-force of a Danioll’s coll was deter- 
mined by the following process : — Five newly-prepared colls 
were set up in series with a tangent galvanometer, whose 
constants were found by measurement. The resistances of the 
circuit were also measured, and found to be in total 16*9 ohms. 
Knowing the resistance and the absoluto strength of current, 
the E.M.F. could be calculated. Tlio deflexion obtained was 
45°, the number of turns of wire in the coil 10, the average 
radius of the coils 11 centimetros, and the value of the hori- 
zontal component of the earth’s magnetism at the place was 
0*18 G.O.S. units. Deduce the E.M.F. of a Daniell’s cell. 

Ans. 1*0647 x 10 s G.C.S. units, or 1*0647 volt. 

28. Apply the formula of the ballistic galvanometer (Art. 
418, b) to determine the number of magnetic lines cut by an 
exploring coil (Art. 366, b) when the magnetism in the core 
on which it is wound is suddenly reversed. If R is the resist- 
ance of the circuit, Q = 2N/R. Hence the answer is N" = 
RT sin £a/27rS, where S is the number of turns in the 
exploring coil. 

29. Suppose a copper disk to revolve in a field produced by 
a fixed coil closely surrounding its circumference. In circuit 
with the coil is a small battery and a resistance wire. In the 
wire are found two points such that the fall of potential 
between them is equal to the volts generated between the 

2 Q 
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» and ri|vt»mfrrrtn*«‘ of (hr revolving disk, \\y halamuilg 
the*** with a k tKaiiMini f* r Lonm* w an able to ealeuhtUi in 
ah**i ditto (m 4nuiv the i'r*t »tntiee of thi' win*. It* M l hi tho 
t'orllirleltf of mutual iudtleliotl between tilt* oireumfurmu'.u of 
thr 4i f *k and t he •nttiMtinduig roil, and T (In* jir i ( ic»l of revolu- 
tion of th»* dmk, idmw that li tin* tvaiHluutut between the 

M T. 

d>i*. Hmrr* N tin* magnet ie (lux through the* dwk^MG, 
and K N f\\ anil t 1 K/R, it folio wh that (!R~r 

whetiee U M/T. q. K.D. 


W'K*'V ICJNS ON f' HAPTIC It VII 

K A strong battery eurrenl in nont, for a few momonts, 
through a hat math* of a |»ieee of antimony nuldered to a pieoo 
of hi*tmufh. Tin* battery i** thru ilimnmuiH'ttHl from llui wirurt 
mnl tin) are joined to a galvanometer \v hit'll hIiowh a do- 
lie a um, K\|*him thin phenomenon. 

2 , A long alriji of *tim in emmeeled to a gftivauomotor by 
iron Hire*. Oim* junrthm i« kept in iee, tho other in plunged 
into water of a tetnf»er*litre of 50 " O. Hakudalo, from Urn Uvula; 
l*i veil in Art. 42*4, the ehvtroimdi vedbreu whieh in producing 
theenru-ut, Ann* IHK) mcrmiUs*] 

$, When heat U evolved at a jmudiim of two metalH hy tho 
tuuiMitfe of a * urn nt, how would you dintiugulidi holwoun tho 
lira l mm to r«»»i*t*iHie and tin* heat dm* to urn Pel tier olluot. 

4. I*«rd Kelvin db»envered that when a mirrimt Hows 
through inm it ahaorha heat when it ilowa from a hot point! 
to a mid j*otni ; hut that w hen a eurreiit in (lowing through 
it aW»rh% heat when it down from a eold point to ft holt 
Fr«*m thr*e two fai'lH, and from the general law that! 
energy teiuD to t ins down hi a minimum, deduoe whiuh way a 
tmrreiti w ill flow round a eirouit made of two half»ringH of iron 
mnl eopjwr, mo* junction of whieh in heated in hut water and 
the other rinded in ire. 

f», flive a eiirve showing the litereaae and deemiHO of tin} 
thermo oh*i*tromotive foree it>* a juuetiou of iron and oopper ill 
uimn\ from if «\ to 4mr (\, ami explain it hy lueatiH of tin} 
thermoelm* trio diagram of Prufeiomr Tail. 
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QUESTIONS ON CHAPTER VIII 

Calculato by Jottlo’s law tho number of calorics dovolopod 
viro wlioso resistance is 4 ohms when a steady current oi 
unpore is passed through it for ton minutes. 

A.m. 11 *2 calorics. 

Why does the platinum wire in a CJuvdow voltmeter, 
a steady voltage is applied to it, rise to a certain tem- 
uro and then remain at that tempera turo without 
/Lion ? 

Show from the definitions of tho horse-power and of tho 
and from tho relations between the pound and tho 
tno, tlie foot and tho centimetre, that there are 716 watts 
u horn e-power. 

32x plain why you would oxpoct tho lioat produced in a 
lotor to bo proportional to tho square of tho current. 

escribe tlio construction of a watt meter and explain 
/■on would connect it up to measure tho power supplied 
electric motor. 

Explain why it is advantageous to distribute electric 
y at a high voltage. There is already laid a copper mam 
i.g a resistance of 0’5 of an ohm along which it is desired 
lismit 4 kilowatts, and to deliver it at the far end at a 
-ire of 100 volts. Which would be tho more efficient 
:>& of the two following, to send 40 amps, at an initial 
iro of 120 volts, or to send a current at a pressure of 2400 
using a transformer with an efficiency of 85 per cent ? 

Tlie latter method would have an efficiency of 84*9 
per cent, the former of 83*3 per cent. 

Mention some of the principles upon which supply motors 
been designed. 

An electric motor is supplied at a pressure of 100 volts : 
ran attire resistance is 0*01 ohm. When it is supplying 
rse-power, what is its electrical efficiency ? 

Ans. 98*5 per cent. 

Show under wliat circumstances an electric motor is most 
nt. 

Enumerate the principal parts of an arc lamp. 


UaUsfttH aril l 4**H& lllftitt 2 )* t4!lt«tr iltdit Uptt u »i ‘ ■ 

I Why 4»*’* I ls»> fiUl*P*lil »*f alt iin* ui'lr'u'J Ul lump gel, 
Itottrv iii 4 t« SW- |<Uluutm hauling ut iiuv* f 

111, l'*g4am hy * it®* - ' ‘V 4«un Mf thl»v win* tlinlnhu* 

tn«n , sm 4 i^-sssi uhj »t» * 4 % »*i *i u iwu \\ii«' 4 mirihuUuu, 

It. h i-sirt*-n! uf ".i atn|H-rr» tuuiU-4 an *l«vh i** uiv light, ami 
Mil inrxft/jtmutf S hr *4 nlt«ftt l«»t %\ «» , n tlmlWomu 1 * 

9ty .-%n t jv*. st*oi»«-lfi at I**uu4 l«» h«« <*»0 \ nit's. What, 
«4« l?ir aiinnml »4 stm«rW4 m thu limp 1 

Jus, O’tltKl II. I*. 


urKstinx* uk nuiTKu i\ 


3 . Th<* t-’liM-Ulu**' *4 ill** r«n* *4 4 rrHuih t hlimlhmUT jm 
ci nHi'i. I*hi4 th* s *4 mutual ni4u«imu h»‘t\sn*n 11m 

mnl w hi* h linvi* tout} ami *i0 (urns 

r^«|«cwUvr 1 y A MMnmiuii »** iinigimli** brnkag**. 

//«.<, trilUH henry* 


*j \ 9*t!«ry <*iirr«uit »* will through Hu* primary of this 
imniMfiirr. !t«*m l*»i»*'* l*»w tin* ‘tihatiun (mluthmly 

t«i t)n« nir»-iiD *4 th* 1 K. M £V« i»nlu*’wl in l«*l it tin* primary 
4 ro! w^**i*»l 4 fy, i»n « Imu Us** rnrruiit in ulattiug, (M wlmn it in 

3, F<inr4ilU Wl III® Wavy hr«ll*»» whi’rl »r bin g) roHi’npo 
I wr* l tub'll 1. 1#*’* f«4* , » <*f ii |Miwi»t'lul uh'ult uinagm*( , ami 
liwt ilm H-liri’l grew hut. What wan tin* eaUMi* «>i tUrn'i 
Wli pr* 4 hi Hi* hwit ri*»w from t 


■| s Ymi try l«* turn <t rojijwr 4Uk 1*4 ween th«* j»«1»*h of a 
tmasitmL If vmm mmn it *1«wly it «ik** quit*; ii'ymi try 

l«i ftHivt* it ii'ulokly it r**i*t». W hy h IhtH t ft hat w Um 
fnrw rr*|ihT »4 l« lum it jir«jHtrU«iiAl to i 

l t *flw ftliuiil ruil of & enrUin 4 ytmmo Imn a ri’HiHlam’i 1 of 
m ul up, If t« «wsh 4 u '4 *m to n UlU'ty «f mn«mmilalorn 
h m too tulU, ®it*! «wr immiiil nflmvahU Un» rmh-nt lmn riwu 
%mirvm «f m atnt^tv. KituI tin* rwflhwa «»i Holhimlwl cm 
nr th^ thiiiil 0 Mil. Awtmno yg U IJ 07 nml h.« r 0 -hH. 

, 111 s. HO HfilrliSt 


o. If a Imttof «f 10 «itu «wh of M volt ami 2 olimn' 
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resistance be applied to a circuit which has a resistance of 5 
olmis and inductance 0*1 henry, find what modos of grouping 
the cells arc best, (co) to give tho largest steady current, (5) to 
give the largest current at the end of second, (c) to give 
the largest amount of external work relatively to the weight 
of zinc consumed. 

Ans. ( a ) 5 in series, 2 rows in parallel. (5) All in series, 
(c) All in parallel. 


QUESTIONS ON CHAPTER X 

1. What dovicos are employed in continuous current dy- 
namos to obtain (a) a ourrout continuously in one direction, 
(1>) a current of uniform strength ? 

2. Apply Fleming’ s Rule (Art. 226) to determine which 
way the electromotive-forces will operate in a ring armature 
(gramme) wound right-handedly over tho core revolving riglit- 
liandedly in a horizontal magnetic field having the N-polo 
on the right hand. 

Ans. The induced E.M.E.’s tend to make the currents 
climb, in both the ascending and descending halves, 
toward tho highest point of the ring. 

3. A dynamo’s held magnet gives a flux of 9,000,000 lines. 

How many conductors must thero be on the armature in order 
that the dynamo may generate 108 volts when driven at a 
speed of 600 revolutions per ininuto ? Ans. 120. 

4. You have an engine which will drive a dynamo at a 
fairly constant speed at all loads. How would you excite the 
dynamo if it were intended for lighting by incandescent lamps ? 
Make a diagrammatic sketch of all necessary connections, in- 
cluding the lamp circuit. 

5. Take the equation E = a, sin i^irnt). Let a — 140 and 
n — 100. Now take different values for t , beginning t— *0005 
of a second, then £=*001, taking 20 different values until 
£= *01. Pill in the values in the above equation and find the 
corresponding 20 values of E. Then plot on squared paper 
taking E as ordinate and t as abscissas. The result will be a 
curve like that shown in Eig. 251. 

6. Repeat the process of the last question, taking tho 
equation C = 5 sin (2irnt - rf>), where 5 = 20, m = 100, and 0 = 0*5 
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1,4 H 4 -s t)iu’ I'luu’ ivjuvmmiIh Mu\ 

i. M F m v & u imum, Ihr ullwr th** lugging runvut. 

• '*» *it> tn.«tii»g |«r(’mtirt« i»f mt) (virtuu!) \o 1 im ihltowiug 

n ftiin- l.tw »>!)« si Impirtu V «d IttM [n \ mr«»ud in applitul { o ilm 
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*'* n, d* **id«» »»l u uu;» hr my, hint t h«* runvul that will flow 

3&3a* I I Ur 4 Ugh' i>l 1 .tg . 

Jn*, thajrm i i *il nm|un'H ; lug *J2 ili*grirH. 

** An «)trui.tt« mugm! with jirupfrly * liumiMlt’rt 

* *M«' hvt * « n«l 1*1 1*10 hllll*, ’tmi ft nirliit H'ht Ilf Hi'lf hutlH’-tioil 

»<S u ****U *«f 4 It* Hi v. Wh<«l nffri noting voltugo <»f iVi'ijut'iic.y 
S>hi p, r am-mii*! limit hr u{»|<h* tt tn it in iud**r to obtain -IKUO 
a«*»|« ?* -luiifQ, aAfiuiiitiig th# li'ttintaiin* h* In* tirgligihln ’{ 

A 119. 471 . 

*»■ ih«w iiiw h tr-iistuiir*" um-4 hr pu t iu I'iivuit. with tin*, 
■•ml* «»! lht*i mogiii’t in uhlrr thnl tin* ungh* i»f lug may hi* *1 f>" V 

Jnxll'U, 

1«, An #i 1 hTitsi i*' r nrr^iit l r.-in» former in dtvdgimd hi give out 
in a |»rc*»«tirtt of f»0 volu ut iU hirtutdiiry tnrmiiuilH. 

X«< *4 winding* iWHl primary : UJ ammdury. KoMiHhuuu'H 
S’jf pnmat) 't O'UM ulim, mriiiiilnry. Find Urn imi- 

* stii i« ni «*I liututhniiutitm, and Urn volt** that iuu*l bu applied 
*i lit# primary tortoiimlr*. 

Jus. i t»f tmiiMfunimtiim in ar» ; voIIh at 

primary tormiunh* UiHH. 

U. Hutu l tin prinripW lt}Ki)i wllhli rimthlUmiH- HUlTPllt 
Ix4i»»f*»rin«-t* * nr# mad#. Why i* it unmawy U* Imvo u moving 
pul in rurmit tnuiHfuriuoni nnd not iu uUurnalu- 

t'liriml it4ii*futmrfK f 

\'J Kluiflirmti’ ll»rt«r hilid>* tif ultf'nmhi - milTnut 

mutui*, ami nUlo %klntdi kind i^* uymdmuimm uud which not. 

pi, An ollrriwSr rm-rriit uynohroimuH inutnr io mippliutl 
h«m s thw Atiwi mum*. It i» f'mmd tlmt vvh«*u hilly hmdod it 
ukr% Iimrr nm i'li 1 limit whm lightly hwuh*d, tlimigh it 
al way a #t tin* nutiio ujiwd uud Urn vulU n'lindu niUHtunt. 

KspUiti h«w tliU wmio* lUKmt. 

1 4 , Hi*w mu you jomlum? u ruUtury nmgm? tin iicid I J luwcriho 

wit# irf I to WOMHtlM. 
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yiJKSTIONH ON (SIIA1TKK XI 

1. It is round that a single Danicll's coll will nob electrolyze 
acidulated water, however lug it may lm miulo. It in found, 
on the other hand, that two Danicll's oolln, liowovor small, 
will million to produce continuous electrolysis of acidulated 
watur. How do you account for thin ? 

2. From the taldo of olnulro-ohuimoal equivalents (Art. 240) 
calculate liow many coulombs it will take to doponi I; one grain 

of the following metals : Copper (from sulphate), silver, 

nickel, gold. sins, On 8QD8, Ag 801, Ni 02815, Au 1*1 78. 

8. A battery of 2 drove's cells in series yields a current of 
fi amperes for 2 hours, Jiowmueh ssiuo will he consumed, assum- 
ing no waste? Am* 2d ’20. 

d. Calculate tho IS. M.F, of a Darnell's cell from considera- 
tiouM of the heat value of the combinations which take place 
and tho quantity of the olomuntH consumed, taking tho heat 
value for Vino in sulphuric acid as 1070 and that for copper as 
009‘d. Ans. 1*11 volts. 

5. Describe tho construction and working of a modern 
mmoudary battery. 

0. Most liquids which conduct electricity are decomposed 
(except the molted metals) in tho act of conducting. How do 
you account for the foot observed by Faraday that the amount 
of matter transferred through the liquid and deposited on tho 
oloofcrodoa is proportional to tho amount of electricity trans- 
ferred through the liquid ? 

7. Describe the process for multiplying by olootneity copies 
of engravings on wood-blocks. 

fi. I low would you make arrangements for silvering spoons 
of nickel-bronze by electro-deposition ? 


QUESTIONS ON CIIAPTlSll XII 

1. Sketch an arrangement by which a single lino of wire 
can be used bv an operator at either end to signal to tho 
other ; the condition of working being that whenever you are 



Kt.K«Tttt«’lTV AXlt MACiKKriHM 


•uni 

lint nriitliiitf »* iii'tlrmiii nf 'tliiill U> in 

a mu! wiiii lltr !**«»• w*i»-, 4i»l »*i«r i/rtn'iitl will* Urn kitn-ry 
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9. Suppose, the copper corn of a submarine e.ablo to pari; f 
some point in the middle without any damage being done / 
the outer slioatli of guttapercha. How could tlio position < 
tlio fault be ascertained by tests made at tlio shore end ? 

10. Explain the construction and action of an electric boll 

11. Describe and explain lunv electric oumuiLs are applio 
in the instruments by which very short intervals of time in 
measured. 


QUESTIONS ON CHAPTER XIII 

1. Explain tho use of Graham Boll's telephone (1) l 
transmit vibrations ; (2) to reproduce vibrations. 

2. Describe a form of telephone in which the vibrations c 
sound are transmitted by moans of the changes they produc 
in tho resistance of a circuit in which there is a eonstan 
electromotive-force. 

3. Two coils, A and B, of fine insulated wire, mad 
exactly alike, and of the same number of windings in oacl 
are placed upon a common axis, but at a distance of 10 inohe 
apart. They are placed in circuit with one another and wit 
the secondary wire of a small induction-coil of Ruhnikorif 
pattern, the connections being so arranged that the current 
run round the two coils in opposite directions. A third go: 
of line wire, 0, has its two ends connected with a Bell’s tele 
phone, to which the experimenter listens while ho places thi 
third coil between tho other two. Ho finds that when C j 
exactly midway between A and B no sound is audible in tJi 
telephone, though sounds are heard if C is nearer to either j 
or B. Explain the cause of this. Ho also finds that if a hi 
of iron wire is placed in A silence is not obtained in the tele 
phono until (J is moved to a position nearer to B than th 
middle. Why is this ? Lastly, he finds that if a disk c 
brass, copper, or lead is interposed between A and C, th 
position of silence for G is now nearer to A than tho middle 
How is this explained ? 


QUESTIONS ON CHAPTER XIV 

1. What apparatus would you use to produce electri 
oscillations? Show how you would op orate it, and explain 
why the oscillations take place. 
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-* h*«« * In* *• '•cilitiiiiitiH in u muiirinu'r ciirmut 

I*n4n=n- * I** tut- nrtvi'tt hi ila*- wtmoundiup; lunlium. 
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bsolute Electromotor, 287 
Galvanometer, 213 
units, 353 

ccumulators, 492 (see also Con- 
denser) 

used in locomotion, 446 
ction at a distance, 25, 64, 299 

in medium, 5, 13, 64, 279, 29D 
ether (see Ether) 
ir condenser, 56, 294, 359 
ir-gap, 378 

ir, resistance of, 313, 326 
Idiiii, Giovanni, experiments on 
Animals, 255 

lternafce currants, 102, 461, 470 
lternate current magnet, 388, 477 
method of measuring resist- 
ance, 417 
motors, 484 
power, 475 
Iternators, 478 
luminium, reduction of, 494 
inalgam, electric, 44 

ammonium-, sodium-, etc., 490 
malgamating zinc plates, 174 
mber, 2 

moeba, the sensitiveness of, 256 
trimeter, 221 

7)iperc, Andre Marie, Theory of 
Electro-dynamics, 392 
“ Ampkre's Rule,” 197, 382 
Laws of currents, 390, 391 
suggest a Telegraph, 497 
Table for Experiments, 391 
Theory of Magnetism, 398 
rape re, the, 162, 207, 354 
meter, 221 

-turns, 341, 877 (and p. 589) 


Amplitude of E.M.P., 470 
Anglo of lag, 472, 473 
Angles, Ways of Beckoning, 144, 
Appendix A 
Solid, 14S, Appendix A 
Animal Electricity, 76, 257 
Anion, 2S9, 491 

Annual variations of magnet, 157 
Anode, 170, 236 
Anomalous magnetization, 378 
Aperiodic galvanometer, 219 
Apparent watts, 438, 472, 475 
resistance, 417e, 468e, 472 
Appropriating brush, 50 
Arago, Francois Jean 

classification of lightning, 
331 

on magnetic action of a voltaic 
current, 202, 381 
on magnetic rotations, 457 
Arc, the electric, theory of, 44S 
Arc lamps, 449 
light, 448 

Arc-lighting machines, 408 
Armature of magnet, 103 

of dynamo -electric ma< 

402 

Armstrong, Sir Win., his 
electric Machine, 48 
Astatic magnetic needles, 201 
Galvanometer, 201, 211 
Asynchronous motors, 486 
Atmospheric Electricity, 72, 

Atoms, charge of, 491 ( footno 
Attracted-disk Electrometers 
Attraction and repulsion < 
trifled bodies, 2, 4, f 
74, 262 
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ories and joules, 427, 439 
idles, electric, 451 
iton, John, discovers electrostatic 
induction, 22 
on electric amalgam, 44 
pacity, dellnitiou of, 271 
in alternate circuit, 473 
measurement of, 418 
of cable, 301 et seq. 
of condenser, 58, 294, 804, 473 
of conductor, 40, 55, 272, 304 
of Leydon jar, 58, 294 
of liquid condenser, 492 
specific inductive, 25, 5(5, 295, 
304 

unit of (electrostatic), 272 
unit of (practical), 808 
pillary Electrometer, 253, 292 
:bon plates anil rods, 183 ( footnote ) 
filaments, 452 
*bous for arc lamps, 449 
'dew, Philip , his voltmeter, 480, 
71 

'hart, Henry S.. on standard cells, 
.88 

'nivorous Plants, sensitive to elec- 
ricity, 25G 

*rt, F., Dielectric machine, 45 
on magnets of cast metal, 106 
'riers, 49 
:s, electric, 446 

icade arrangement of jars, 309 
itery by electricity, 481 
mIIo Tiberius, his attempt to tele- 
graph, 497 

Iiis pith-ball electroscope, 4 
on atmospheric electricity, 833 
midish, Hon. H., on Specific In- 
ductive capacity, 295, 296 
on nitric acid produced by 
sparks, 316 

a, Father , on atmospheric elec- 
ricity, 333 
1, voltaic, 166 
Is, classification of, 180 
grouping of, 192, 407 
list of, 189 

iti-ampere balance, 396 
itral stations, 440, 478 
cuit, 166, 406 
Magnetic, 375 

points of, where energy gained 
and lost, 248, 436 
cuits, branched, 243, 400 
cuital magnetism, 11S, 347 
cular current, 345 
y of London central station, 478 


Change of configuration, law of, 204, 
370 

Characteristic curves, 4(5(5 
Charge, olectric, 8 

resides on surfaco, 32 
residual of Leyden jar, 01, 299 
of accumulator, 492 
Chart, magnetic, 154 (frontispiece) 
Chemical action, E.M.h’. of, 488 
Chemical actions in tlm battery, 172 
laws of, 173, 240, 4S8 
of spark discharge, 310 
outside the battery, 234, 4S7 
Chemical test for weak currents, 246, 
316 

depolarization, 180 
Chimes, electric, 46 
Choking-coils, 474 
Choking-ofleot, 459, 473, 474 
Chromic solution, 1S8 
Chronograph, electric, 509 
Clamond’s thermopiles, 425 
Clark, Latimer, his standard ceil, 
188, and Appendix C 
Classification of cells, 180 
Clausius, JR., theory of Electrolysis, 
491 

Cleavage, electrification by, 68 
Clock diagram, 470, 472 
Clocks, oloctric, 609 
Closed circuit, cell for, 176, 181 
Closed-circuit method of Telegraphy, 

Closed-coil armature, 463 
Cobalt, magnetism of, 93 
Coefficient of Magnetic induction 
(see Pamneabillty) 
of Magnetization (see Suscepti- 
bility) 

of mutual-induction (or poten- 
tial), 351, 454 
of self-induction, 458 
Coercive force, 96, 3G7 
Colour of spark, 318 
Columbus, Cristofero, on magnetic 
variation, 151 

Combs on influence machine, 42, 50 
Combustion a source of electrifica- 
tion, 70 
heat of, 488 

Commercial efficiency of dynamo, 
464 

Commutator, 443, 461, 463 
Compass (magnetic), Mariner's, 87, 
149 

error due to iron ship, 149 
Compound circuit, 192, 243, 409 
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Be Jlaldat , magnetic 2Q5 

Be la Hive's floating Batteiy, 20u 
Be la Hue, Chloride of Silvei Battery, 
186, S13 

on electrotype^. 4 „ 
on length of spark, si* 

Bead-heat- galvanometers, 

Declination, Magnetic, lor 

variations of, 151, 
Decomposition of water, 
of alkalies, 490 (c) 
De-electrification by 
Deilexions, method of, 181* iso 

Deflexion of galvanonietei, 

Bellmann's electrometer, 2»o 

Demagnetize, how to, 36B 
Density (surface) of cll ^TS e > 33, 2 j3 
magnetic, 134, 337 
Depolarization, mechanical, iau 
chemical, ISO, 1. 82 » *f 8 1R1 

electro-chemical, ISO, ibi 
Deposition of metals, 494 
Deviation of compass, 14J „ anay>a+aA 
Beiuar. James, on currents generated 
by liuht in th.e eye, 257 
his capillary electrometer 253 
magnetic properties of iron at 
200 °, 111 . 
oxygen magnetic, 37 u 
Dewar and Finning, resistance at low 
temperature, 404 
Diagram, thermo-electric, 424 
Dial bridge, 415 
Diamagnetic polarity, 3C>y 
Diamagnetism, 94, 369 
of flames, 374 
of gases, 370, 874 
Diaphragm currents, 254 
Dielectric capacity, 295 to 299 

capacity, effect on intensity 
of field, 262, 293 
coefficient, 2S3, 51/ 
strength, 315 

Dielectrics, 10, 25, 57, 295 
Difference of potential, 265 

magnetic potential, 337 
Differential galvanometer, -17, 4U 
Dimensions of units, 35b 
Di-phase currents, 485 
Dip, or Inclination, 152 
variation of, 155 
Diplex signalling, 503 
Dipping Needle, 152 
‘‘Direct” and “inverse current, 
223 

Direction of induced 229, 45G 

Discharge affected by magnet, 3— 


Discharge affected by magnet, 322 
brush, 319, 324 
by evaporation, 251 
by flame, 8, 314 
by points, 47, 319, 329 
by water dropping, 334 
conductive, 810 
convective, 47, 312 
disruptive, Sll 
effects of, 47, 315, 310, 317 
glow, 319, 329 (footnote ) 
limit of, 278 
oscillatory, 515 
sensitive state of, 322 
striated, 320 

through gas at low voltage, 
322 

velocity of, 323 

Discharger, Discliargmg-tongs, j 0 
Universal, G2 
Disk armature, 403 _ 

Displacement, electric, 57 
currents, 51G 

Disruption, electrification by, 08 
Disseetablo Leyden jar, 03 
Dissipation of Charge, 326 
Dissociated gases conduct, 322 
Distillation, electric, 251 
Distribution of Electricity, 81 to 38, 
278, 274 

of Magnetism, 117, 184 
Distribution by transformers, 480 
Distribution of energy, 440 
Distortion of dynamo-field, 403 
Divided circuits, 409 
Touch, 101 

Bolbear , A. IS., Ids telephone, 299, 
510 

Doubler, fclie, 26, 49 
Double refraction by electric stress, 
524, 525 

Double Touch, 102 
Dreh-strom, 485 

Drop of voltage m mams, 412, 447 
Dry cells, 184, 189, 193 
Dry-Pile, 193, 291 ^ 0 „ 0 

JDu Hois, limit of magnetization, 363 
measurement of permeability, 
366 

Duboscq, Jules, liis lamp, 449 
X)u Fay's experiments, 5, 30 
Duplex Telegraphy, 802, 503 
Duration of Spark, 323 
Dust, allaying, 54 
Duter on Electric Expansion, 300 
Dynamic Electricity (see Current 
Electricity) 
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Dynamos, 461 

as motors, 443, 463 
Dynamometer, 304 
Dyne, the (unit of force), 281 


Earth, the, a magnet, 95 
currents, 302 

electrostatic capacity of, 303 
intensity of magnetization, 365 
magnetic force in absolute 
units, 30 1 

used as return wire, 497 
Earth’s magnetism (see Terrestrial 
Magnetism) 

Earth, potential, 269 
Ebert, i/., on oscillations, 522 
Eddy-currents, 457, 477, 486 
Edison, Thomas Alva, electric lamp, 
452 


carbon telephone, 511 
meter for currents, 244, 442 
quadruplex telegraphy, 503 
Edlund on galvanic expansion, 249 
Eel, electric (Gyinnotus), 76 
Efficiency of transmission, 447 
of dynamos, 404 
of motors, 445 
of transformers, 481 
Electric Air-Thermometer, 317 
Cage, 37 
Candlo, 451 
Clocks, 509 
Displacement, 57 
Distillation, 251 
Egg, the, 232, 320 
Expansion, 300 
Field, 13, 16, 20, 22, 24, 262, 
279, 299, 524, 525 
Force, 109 {footnote), 266 
(Frictional) machines, 42 
Fuze, 316, 429, 432 
Images, 275 
Kite, 329 
Light, 448 

Lines of Force, 13, 16, 20, 22, 
o d 900 

Mill or Fly, 47 
Oscillations, 515 
Osmose, 250 
Pistol, 316 
Shadows, 321 
Shock, 254 

Stress, 13, 16, 20, 22, 24, 63, 
279 


Waves, 515 
Wind, 47, 324 
Electrics, 2 


Electricity, theories of, 7, 327 

word first used, 2 ( footnote ) 
Electro-capillary phenomena, 253 
Electro - chemical Depolarization, 
180 

equivalents, 240, 489 
power of metals, 489 
Electro-chemistry, 487 
deposition, 494 
Electrodes, 236 

unpolarizable, 257 
Electrodynamics, 389 
Electrodynamometer, 394 
Electrolysis, 237, 487 
in discharge, 322 
laws of, 240, 490 
of copper sulphate, 238 
of water, 236, 487 
theory of, 491 
Electrolytes, 236, 487 
Electrolytic condenser, 402 
convexion, 491 

Electromagnet, alternate current. 

477 

Electromagnets, 107, 381 
laws of, 880 

calculations for, 375, 376 (and 
see p. 589) 

Electromagnetic engines (see Motors] 
Electromagnetic systems, law of, 
204, 379 

system of units, 352 
theory of Light, 517 
waves, 515 

Electromagnetics, 837 
Electromagnetism, 337 
Electrometallurgy, 494 
Electrometer, absolute, 287 
attracted-disk, 287 
capillary, 253, 292 
Dellmann's , 286 
Peltier's, 286, 334 
portable, 287 

quadrant ( Lord Kelvin's), 2S8 
repulsion, 2S6 
torsion, 18 
trap-door, 287 

Electromotive-force, 169, 487 
induced, 222 
measurement of, 416 
YLYivb of 354 

Electromotive intensity, 260, 283 
Electromotors, 443, 484 
Electro-Optics, 524 
Electrophorus, 26 

continuous, 26, 49 
| Electroplating, 496 


INDEX 


609 


The Numbers refer to the Numbered Paragraphs. 


lectroplating, dynamos for, 462 
lectroscopes, 14 

Bennet’s gold-leaf, 1G, 28 
Bohnenberger's, 16, 291 
Feclmer's , 291 
Gilbert's straw-needle, 15 
Hankel's, 291 
Henley's quadrant, 17 
Pith-ball, 8, 4 
Volta's condensing, 79 
leetroscopic powders, 31, 47, 299. 
324 

lectrostatic Optical Stress, 525 
voltmeter, 290 
lectrostatics, 8, 259 
lectrotyping, 495 
lement of Current, 344 
Iwell-Parker alternator, 478 
tid-on method, 138 
aergy, 1, 64 

of magnetic field, 202 
of charge of Leyden jar, 305 
of electric current, 4S5 
paths, 518 

points in circuit where it is 
lost or gained, 248, 436 
supply and measurement of, 
435 

piator, Magnetic, 86 
piipotential surfaces, 267 
magnetic, 337 (f) 
luivalents, electro-chemical, 240 
’g, the (unit of work), 281 
iher, 1, 7, 64, 517 

/aporation produces electrification, 
71, 330 

discharge by, 251 

)erett } James D., on atmospheric 
electricity, 334 

on exact reading of galvano- 
meter, 214 ( footnote ) 
on intensity of magnetization 
of earth, 365 

wing, James A., on limit of mag- 
netization, 363 
curves of magnetization, 364 
theory of magnetism, 127 
echanges, telephone, 513 
ccitation of Field-magnets, 465 
cciting power, 377 
epansion, electric; 300, 625 
ctrn-current, 459 

ulure and exhaustion of bat- 
teries, 172 

ill of potential along a wire, 289, 
412 


Farad, the (unit of capacity), 303, 354 
Faraday , Michael, molecular theory 
of electricity, 7 
chemical theory of cell, 178 
dark discharge, 319 
diamagnetism, 369, 373, 374 
discovered inductive capa- 
city, 25, 296, 298 
discovery of magneto-induc- 
tion, 222 

Disk machine, 227 
electro-magnetic rotation, 303 
experiment on dielectric 
polarization, 299 
gauze-bag experiment, 34 
hollow-cube experiment, 34 
ice-pail experiment, 37 
laws of electrolysis, 240, 242 
length of spark, 313 
Magnetic lines-of-force, 119 
magnetism in crystals, 373 
on Arago's rotations, 457 
on dissipation of charge, 314 
on electrodynamics, 392 
on identity of different kinds 
of electricity, 245, 246, 316 
predicted retardation in 
cables, 801 
Ring, 228 

rotation of plane of polarized 
light, 526 
voltameter, 242 

Faure, Camille , his Secondary Bat- 
tery, 492 

Favre's experiments on lieat of 
currents, 428 

Fechner's electroscope, 291 
Feddersen, W., on electric oscilla- 
tions, 514 
Feeders, 440 

Ferromagnetic substances, 369 
Field, electric, 13, 16, 20, 22, 24, 262, 
279, 299, 525 

magnetic, 116, 202, 337, 462, 520 
Field -magnet, 462 
Field-magnets, excitation of, 465 
Field-plate, 50 

Figures, magnetic (see Magnetic 
figures) 

electric, 31, 299, 324 
Filament of incandescent lamps, 462 
Filings for mapping fields, 121 
Fire of St. Elmo, 329 ( footnote ) 
Flame, currents of, 314 

diamagnetism of, 374 
discharge by,' 8, 314 
produces electrification, 70 
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Gilbert, Hr . William, disco vara that 

the earth is a magnet, or, 
150 

heat destroys magnetism, 109 
liis balanced- neodlo electro- 
scope, 15 

liis terrella, 95 . 

observation of moisture, 10 
observations on magnets, 80 
on de- electrifying power of 
flame, 314 

on magnetic figures, 119 
on magnetic substances, 02 
on magnetic permeability*, 97 
on methods of inagnotimtion, 
105, 100 

Glass, a conductor when hot, 81 
Globular lightning, 331 
Glow Discharge, 319, 329 ( footnote ) 
lamps, 452 

Gold-leaf Electroscope (soo Electro- 
scope) 

Gordon , J. IE. II., on magneto-optic 
rotatory power*, 520 
on dielectric capacity, 297, 298 
on length of spark, SIS 
Gramme, Zenobe Theophile, his ring- 
armature, 4G3 
Gravity Battery, 187 
Gray , Andrew, Absolute Measure- 
ments in E. and M., ISO {footnote), 
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Gray , Stephen, discovers conduction, 
30 

on lightning, 329 
Grid of accumulator, 492 
Grotthuss' theory, 172, 491 
Grouping of arc lamps, 450 
cells, 192, 407 
glow-lamps, 453 

Grove, Sir William IL, his Gas Bat- 
tery, 493 

Grove’s Battery, 182 
magnetic experiment, 124 
on electric property of flame, 
314 

Guard-ring, Guard-plato, 278, 287 
Guericke, Otto von, discovered elec- 
tric repulsion, 4 
invents electric machine, 41 
observes electric sparks, 11 
Gunpowder fired by electricity, 315, 
317, 432 

Guthrie, Frederick , effect of heat on 
discharge, 814 

heating of kathode* in water, 
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Gynmotus (electric eel), 7G, 240 

J-Ialit deflexion method, 417 
Hall, Edward IL, liis direct, 807 
Hauled, Wilhelm (J., liis electroseopo, 
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Hardening of stool, 108 
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Hanksbcc, Francis, on thunderstorms, 
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I laity, The ARM, his astatic method, 
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Heat and resistance, 420, 439 
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,, resistance, 404 
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Joule , James Prescott, limit of mag- 
netization, 858 
magnotic circuit, 375 
Mechanical equivalent of 
lioat, 430, 488 

on atmonplioric electricity, 
333 

on lifLIng-pnwor of oloctro- 
magnefc, 004 
Joule effect, 420 
Joule, the, 354, 480 

Kapp, Gjsbjiut, on magnetic circuit, 
377 

Kathode, 170, 28(5 
Katliodic “raya,” 821 
Kation, 230, 401 
Keeper, 103 

Kelvin, Lord (Sir William Thomson) 
Attracted -disk Electromotor, 
79, 287 

Compass, 149 
Current Balances, 800 
Divided-ring Electromotor, 79 
Electric couvoxion oJf heat 
(Thomson effect), 424 
Evaluation of ohm, 358 
„ “v " 35t) 
Modified Danielrs coll, 187 
on atmospheric electricity, 
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on electric images, 275 
on electrostatics, 287 (foot- 
note) 

on length of sx>ark, 813 
on nomenclature of magnotic 
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on sounds in condensers, 299 
predicts electric oscillations, 
515 

proof of contact electricity, 

Quadrant Electromotor, 288 
Deplenish or (or Mouse Mill), 
49, 287, 288 

Thermo-electric diagram, 424 
Water-dropping Collector, 334 
Kerr , Dr. John , jfflectro-optic dis- 
coveries, 000, 525 
Magneto - optic discoveries, 
125, 800, 527 
Kerr's effect, 527 

Kinnersley , Elijah, Electric Ther- 
mometer, 817 

Kirchhoff, Gustav, Laws of Branched 


Kohlruusch, Friedrich, on residua 
charge, 209 

on elcctro-chemical oeuiva 
lent, 240 

on evaluation of ohm, 858 
Aundt, August, his effect, 528 

Lao and lead, 472 

Lagging of magnetization, 858 

Lamellar magnetization, 118 

Laminated magnets, 104 

Lamination of cores, 457, 403,477, 48< 

Lamps, arc, 449 

Lamps, incandescent, 452 

Langley's 8. 1\, his bolomotor, 404 

Law, cell, 180 

Laws of electrolysis, 490 

of inverse squares. 10, 129 
148, 2(51, 270 

of electro- magnotic system, 
204, 879 1 

Lead, used in accumulators, 492 
no ThaiuHon-offoot in, 424- 
Lead and lag, in phaso, 472 
Lead of brashes, 408 
Leakage, magnetic, 877 
photoelectric. 581 
rate of electric, 820 
Le Mill iff, diamagnetism. 809 
LedancM, Georges, his cell, 184 
Lmonnier discovers atmospheric 
electricity. 883 

Lenard, Philipp, aluminium “win- 
dow/' 821 

Length of spark, 818 
Lenzs Law, 450 
J*ns an electromagnet, 880 
Leyden jar, 55 

prevention of piercing spark, 

oscillatory discharge of, 515 
resonance between two, 517 
seat of charge in, 08 
Leydens (see Condensers) 
Liehtenberg's figures, 324 
Ififo of Lamps, 452 
Lifting-power of magnets, 118, 114 
or electromagnets, 884 
Light affects resistance, 529 
affects a magnet, 524 
Electric, 488 

Electromagnetic theory of, 1, 
518 

polarised, rotated by magnet, 
125, 526, 527, 528 
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Magnetization, anomalous, 373 

coefficient or (see Susccptx- 
bility) w ^ 
cycles of, 3 6 i, 368 
intensity of, 3t»5 
lamellar, 

mechanical effects of, 124 
methods of, 100-107 
solenoidal, 118, 347 
sound of, 124, 510 
time needed for, 3SS 
Magneto-electricity, 82, 222, 461 
Magneto-electric machines, 461 
Magnetographs, 160 
Magnetometer, 1ST 

self-registering, 160 
Magnetomotive-force, 341, 375 
Magneto-optic Rotations, 524 
Magnets, see also electromagnet 
action of lif?h.t on, 524 
artificial, S& 
compound, 104 
forms of, 103 
lamellar, 118 
laminated, 104, 477 
methods of making, 100-107 
natural, 84, 103 
power of, 114 
unvarying, 110 

\ lance, Sir HerLry , his method, 417 

fanganese steel, 363 

f&nganin, 404 

laps, magnetic, 154 

fanner’s Compass, 149 

larked pole, 88 

I arum heating fc>y discharge, 317 
lascart, E., on atmospheric elec- 
tricity, 335 

■fattened, Carlo , on physiological 
effects, 76, 256 
on electromotive - force in 
muscle, 257 

laynooth Battery (see Callan's 
Battery) 

Taxwell, James Clerk , Electro-mag- 
netic theory of light, 397, 
518 

Law of alternate currents, 473 
Law of electromagnetic sys- 
tem, 204, 349, 379 
measurement of “ v,” 359 
on Electric Images, 275 
on protection from lightning, 
35, 332 

on residual charge of jar, 299 
rule for action of current on 
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Maxwell , James Clerk , Theorem 
equivalent Magnetic she 
203, 351 

Theory of Magnetism, 126 
Measurement of capacity, 418 
of currents, 221, 395, 412 
ofE.M.F., 410 
of internal resistance, 417 
of magnetic forces, 130 
of mutual induction, 454 
of permeability, 366 
of power, 437 
of resistance, 411, 412 
of self-induction, 458 
Mechanical depolarization, ISO 

effects of discharge, 47, 315 
,, of magnetization, 124 
,, in dielectric, 299, 525 

Medical Applications of Electricit 
258 

Medium, action in, 5, 13, 279 

elasticity and density of, 36< 
energy paths in, 519 
velocity of waves in, 359, 51 
Mega-, 354 
Megohm, 354 
Meidinger's Battery, 187 
Melloni, Maccdo7iio, his thermopil 
425 

Mendenhall, T. C., TJ.S. Geodet 
Survey, 155 

Meridian, Magnetic, 151 
Metallo-chromy, 490 
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Schallenberger’s meter, 442 
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Selenium, photo-electric properties 
of, 529 , 

resistance of, 403 {table), 5-9 
Self-exciting influence machine, 50 
dynamo, 462 
Self-induction, 458, 472 

in electric discharge, 515 
Self-recording instruments, lt>0, ssi 
Semaphore, Henley% 17 
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capacities in, 308 
cells in, 168, 406 
dynamos, 465 
resistances in, 406 
Serrin, Victor, bis lamp, 449 
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Single-fluid cells, 180 
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Skin effect, 476 
Skin, E.M.F. in the, 257 
Smee, Alfred, his Battery, 180 
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Solidification, 69 
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Thomson, Joseph «/., on conductivity 
ofgUSCH, 822 

Thomson , Kir William (hoc Kelvin, 
Lord) 
effect, 424 

Thomson, Kilim, his motor, 442 

on altornato-curront magnots, 
477 

on welding, 433 

Thomson- llonst on dynamos, 408, 478 
Thorpe md Jliieker, magnetic survey, 
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Three-wire system, 458 
Thunder, 11, 831 
Thunderstorms, 821) 

Theory of, 830 
Time-constant, 400 
Tinfoil Condensers, 55, 802 
Tivoli, transmission of power from, 
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Toiler, A., his Influence Machine, 
51 

Tongs, Discharging, 50 
Torpedo (electric llsh), 70, 240 
Torpedoes, fusses for ilring, 816, 
482 

Torque, 186 
Torque of motor, 444 
Torsion affected by magnetization, 
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Torsion Balance, or ) Coulomb’s, 
Torsion Electrometer, f 18, 182 
Torsion method, 209, 210 
Tourmaline, 74, 824, 518 
Transformers, 228, 480 

for vacuum tubes, 820 
Transmission of power, 447, 479 
Tri-phase, 485 

Trolley wheel for tramears, 440 
Trowbridge , on magnetization at - 100" 

a, 111 

Tube of force, 887 (g) 

Timing-fork method, 418 
Two-fluid cells, 181 
theory. 7 

Two kinds of Electrification, 5, 0 
,, Magnetic poles, 89 
Tyndall, John, diamagnetic polarity, 
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magno-crystaUic action, 373 

Ul.TIU-flAHIQOlM MATT mn, 821 
Ultra-violet waves, 818 


Units and standards, Board of Trade 
(see Appendix H) 
electromagnetic, 852 et seq. 
electrostatic, 288 et seq. 
fundamental and dorivod, 281, 
282 

ratio of electrostatic to 
electromagnetic, 202 (foot- 
note), 288, 859 
Unipolar Machines, 409 
Universal Discharger, 62 
Unvarying magnets, 110 
Upward, his cell, 193 
lire, Dr., on animal electricity, 255 

“ v,” 85ft 518 

Vacuum, induction takes place 
through, 04, 96, 97 
partial, spark in, 11, 320 
spark will not pass through, 
818, 821 
tubes, 820, 821 

“Variation, the (see Declination) 
Variation of Declination and Dip, 

‘ animal, 157 
diurnal, 156 
geographical, 151, 154 
secular, 165 

of electrification of the atmo- 
sphere, 885 

Farley, Cromwell Fleetwood, his gal- 
vanometer, 810 

on capacity of polarization, 
492 

telegraph, 497 

Farley, Samuel Alfred, his telephone, 
299, 510 

early dynamo, 402 
Vegetables. Electricity of, 77 

carnivorous, sensitiveness of, 
256 

Velocity of discharge, 828 
of light, 859, 518 
of electric waves, 518 
of rubbing, electrification de- 
pends on, 73 
resistance as a, 857 
Verde t’ s constant, 526 
Vibration produces Electrification, 
67 

Vibrator for measuring capacity, 418 
Villari, Emilio, effect of tension, 
364 
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